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I.  INTRODUCTION 


Understanding  how  and  why  structural  materials  fail  is  a  funda¬ 
mental  requirement  for  intelligent  engineering  design.  For  fiber 
reinforced  composite  materials,  a  class  of  materials  widely  recognized 
to  possess  unique  and  extraordinary  structural  properties,  this  under¬ 
standing  has  not  yet  developed.  This  lack  of  understanding  is  neither 
an  indictment  of  the  material  nor  of  the  many  investigators  who  have 
addressed  the  problem.  It  is,  instead,  a  reflection  of  the  complexity 
cf  damage  initiation  and  development  mechanisms  which  characterize 
failure  in  composite  materials. 

While  failure  in  homogeneous  materials  can  frequently  be  viewed 
in  terms  of  self-similar  crack  growth,  the  failure  of  composite 
materials  cannot  generally  be  associated  with  single  flaw  growth,  and 
the  analytical  equivalent  of  linear  elastic  fracture  mechanics  (LEFM) 
is  not  available  to  predict  static  strength  or  fatigue  lifeof  compo¬ 
sites.  The  role  of  composite  material  inhomogeneity  in  influencing 
damage  development  is  an  undeniable  reality  which  must  be  considered 
in  the  development  of  any  analytical  scheme  to  predict  failure. 

It  is  necessary,  then,  to  speak  of  a  damage  condition  in  a  compo¬ 
site  in  terms  of  discrete,  identifiable  damage  in  the  microstructural 
constituents:  fiber,  matrix,  and  fiber/matrix  interface  in  each 
lamina  and  of  the  interface  between  laminae.  In  the  case  of  fatigue 
damage  ;t  has  been  observed  [1]  that  one  needs  to  think  of  damage  in 
terms  of  a  collective  condition  rather  than  a  collection.  For  given  a 
well-defined  collective  condition,  one  can  set  boundary  value  problems 
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correctly  and  develop  comprehensive  models  of  behavior.  Given  a  col¬ 
lection  one  is  left  with  only  emotional  alternatives. 

Although  the  issues  of  damage  and  failure  are  fundamental,  there 
exist  relatively  few  areas  of  general  agreement.  In  considering 
fatigue  damage  and  failure,  it  is  generally  agreed  that  fatigue  damage 
consists  of  various  combinations  of  matrix  cracking,  fiber-matrix 
debonding,  delamination,  void  growth  and  local  fiber  bsoakage. 
Further,  it  is  generally  recognized  that  the  mechanism,  type  and 
distribution  of  damage  depends  upon  the  material  system  (combination 
of  fiber  and  matrix  material),  stacking  sequence  of  plies,  fabrication 
techniques,  geometry,  stress  state,  and  loading  history.  Finally, 
most  investigators  acknowledge  that  the  mechanisms  are  sensitive  to 
one  or  more  parameters  including  type  of  loading,  frequency  of  cyclic 
loading,  temperature,  and  moisture  [2]. 

The  philosophy  is  unsettled  beyond  this  point.  Two  approaches 
can  be  identified.  The  first  is  deductive*  wherein  macroscopic 
measurements  or  phenomenological  observations  serve  as  the  basis  for 
the  development  of  models  which  incorporate  the  microstructural  role 
heuristically.  That  is,  basic  assumptions  regarding  the  nature  of  the 
microstructure  are  made  and  damage  modes  are  hypothesized.  Failure  is 
predicated  on  the  development  of  one  or  more  of  these  damage  modes 
into  a  critical  or  unstable  configuration  from  which  failure  somehow 
follows.  Typically  such  models  are  evaluated  in  terms  of  stiffness 
reduction,  residual  strength,  fatigue  life,  and  fracture  mode.  Agree¬ 
ment  with  one  or  more  sets  of  data  is  often  taken  as  validation  of  the 
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model  regardless  of  its  limitations.  Within  this  category  would  fall 
analyses  based  on  the  extension  of  linear  elastic  fracture  mechanics 
to  composite  materials  [3-16],  extension  of  anisotropic  yield  criteria 
[17,18],  cumulative  damage  models  [19,20],  stochastic  fiber  models 
[21-31],  physical  damage  models  [32-44],  and  post-failure  analysis 
[45-57]. 

The  second  approach  is  inductive.  Here,  the  mi crostructural 
damage  modes  are  viewed  as  primitive  elements  of  a  framework  within 
which  global  phenomena  can  be  explained  and  upon  which  rational  pre¬ 
dictions  can  be  assembled  for  the  general  case.  This  approach  admits 
no  intuitions  regarding  damage  except  those  which  can  be  substantiated 
by  observation.  Damage  models,  indispensable  in  any  analytical  formu¬ 
lation,  are  developed  from  carefully  designed  leading  experiments  in 
which  the  effect  of  specific  observable  damage  on  macroscopic  pro¬ 
perties  can  be  assessed  and  generalized.  In  this  category  is  work 
dealing  with  the  role  of  matrix  cracking  [58-60],  delamination 
[61,62],  fiber  fracture  [63-65],  and  edge  damage  [66-68],  Also 
included  is  work  dealing  with  the  influence  of  external  variables  on 
the  development  of  damage:  cyclic  loading  frequency  [72,73],  specimen 
size  [22,27,30],  manufacturing  defects  [75],  and  environment  [76]. 

The  basic  attribute  of  the  inductive  approach  is  that  the  philo¬ 
sophy  of  composite  failure  can  only  be  developed  from  a  complete 
understanding  of  the  damage  state  which  precipitates  it.  It  is  to 
this  understanding  that  the  present  work  makes  its  major  contribution. 
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An  experimental  investigation  was  undertaken  to  establish  the 
sequence  and  pattern  of  damage  development  in  certain  laminates  of 
graphite/epoxy  material  subjected  to  ten  si  on -ten  si  on  cyclic  loading. 
The  laminate  types  were  [0,902]s,  [0,±45]s,  and  [0,90,+45]s.  They 
were  selected  to  represent  widely  different  interlaminar  constraint 
situations  and  (by  anticipation)  different  primary  damage  modes.  The 
material,  T300/5208  graphite/epoxy,  was  chosen  because  of  its  wide¬ 
spread  use  in  aerospace  appl icati on s.  Damage  was  observed  and 
analyzed  using  two  principal  methods--X-ray  radiography  and  light  and 
electron  microscopy.  A  damage  analogue  in  the  form  of  dynamic  lami¬ 
nate  secant  modulus  reduction  [5,77-80]  was  used  to  monitor  the  state 
of  integrated  fatigue  damage  and  to  provide  a  basis  for  interrupting 
the  fatigue  process  at  desired  damage  levels  prior  to  failure. 

The  present  s'udy  concentrated  on  the  advanced  damage  regime 
associated  with  long  life-engineering  stress  level  situations,  i.e., 
damage  states  that  develop  subsequent  to  development  of  the  charac¬ 
teristic  damage  state  for  matrix  cracking  [58-60].  The  advanced 
damage  state  of  each  laminate  type  was  characterized  and  the  damage 
mechanisms  were  evaluated  in  terms  of  the  associated  local  or  global 
stress  fields.  An  item  of  particular  interest  was  the  influence  of 
matrix  cracking  in  off-axis  plies  on  fiber  fracture  in  adjacent  plies. 

Results  of  this  study  include  documentation  and  analysis  of  the 
stages  of  fatigue  damage  development  in  terms  of  laminate  stiffness 
reduction;  identification  of  several  unique  damage  types  heretofore 
not  identified  in  the  literature;  and  an  examination  of  edge-related 
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fiber  damage;  a  demonstration  of  the  influence  of  ply  cracking  on  the 
location  of  adjacent  ply  fiber  fracture  and  of  the  influence  of  the 
lamina  stress  state  upon  the  mode  of  fiber  fracture,  and  the  estab¬ 
lishment  of  the  density  and  statistical  distribution  of  single  and 
multiple  fiber  fractures  in  these  laminates. 

Chapter  II  provides  a  survey  of  literature  dealing  with  damage 
development  in  composites  and  with  the  broader  issue  of  composite 
failure.  Chapter  III  describes  the  philosophy  and  methods  of  the 
experimental  work.  Chapter  IV  describes  and  discusses  the  results  for 
each  laminate  type.  The  conclusions  and  summary  of  the  work  are  con¬ 
tained  in  Chapter  V.  An  appendix  describes  the  application  of  moire 
interferometry  as  a  nondestructive  interrogative  tool  for  the  obser¬ 
vation  of  damage  development  in  situ  and  in  real  time.  Some  prelimi¬ 
nary  results  with  notched  and  unnotched  E-glass/epoxy  laminates  and 
some  of  the  laminates  used  in  the  fatigue  damage  study  are  reported 
there  also. 


II.  LITERATURE  REVIEW 


Perhaps  no  single  area  of  recent  research  in  composite  materials 
has  attracted  the  attention  of  more  workers  in  the  field  than  failure 
analysis.  Because  of  the  complexity  of  the  problem,  of  predicting 
failure  based  on  the  damage  condition  which  precedes  it,  a  concensus 
philosophy  and  methodology  to  be  applied  to  achieve  a  solution  has  not 
yet  been  established.  As  a  result,  the  literature  in  this  area  is 
extensive  and  diverse.  It  shall  be  the  purpose  of  this  chapter  to 
review  the  work  in  this  area  which  Is  pertinent  to  the  present  report, 
dealing  not  only  with  fatigue  damage  mechanisms  but  also  the  broader 
issue  of  composite  material  failure,  viewed  both  analytically  and 
experimental ly. 

There  exists  in  the  literature  a  number  of  excellent  overview 
articles  dealing  with  fatigue  of  composite  materials.  Reifsnider  [1] 
examined  the  fatigue  behavior  of  composite  materials  in  terms  of  their 
anisotropic,  inhomogeneous  character  and  pointed  out  the  futility  of 
attempting  to  extend  concepts  derived  from  fatigue  of  isotropic,  homo¬ 
geneous  materials  to  this  class  of  materials.  He  also  considered  the 
means  by  which  the  complex  nature  of  fatigue  damage  in  composite 
materials  can  be  ordered,  not  as  a  collection  of  disconnected  entities 
but  rather  as  elements  of  a  collective  condition.  It  is  the  latter 
viewpoint,  he  suggests,  that  provides  a  rational  framework  for 
properly  setting  mechanics  boundary  value  problems  and  for  ultimately 
developing  a  comprehensive  model  of  fatigue  behavior.  Stinchcomb  and 
Reifsnider  [2]  provided  a  comprehensive  survey  of  activity  dedicated 
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to  developing  and  understanding  basic  fatigue  mechanisms  in  both 
notched  and  unnotched  composite  laminates,  and  observed  that  this 
represents  a  rather  small  part  of  the  overall  fatigue  literature. 
Their  review  included  primarily  experimental  work  dealing  with  the 
characterization  of  fatigue-induced  damage  at  the  mi crostructural 
level  and  the  effects  of  external  variables  such  as  moisture, 

temperature,  frequency  of  cycling,  and  modes  of  loading  on  this 
damage. 

Owen  [81]  examined  fatigue  in  composite  materials  using  simple 
fiber-matrix  models  to  determine  the  relative  merits  of  combinations 
of  fiber  and  matrix  properties.  In  approaching  the  problem  as  one  of 
design  for  damage  tolerance  rather  than  damage  avoidance,  he  identi¬ 
fied  a  number  of  Intuitive  concepts  regarding  matrix  ductility  on 

interfacial  strength  which  do  not  hold  up  to  even  elementary  micro¬ 
mechanics  analysis.  Hahn  and  Kim  [82]  provided  a  thorough  treatment 
of  the  fatigue  behavior  of  a  [0,±45,9C]S  glass/epoxy  laminate.  Among 
other  things,  they  investigated  static  properties,  S-N  relationship, 
thickness  variation,  damage  initiation  and  growth,  temperature 

Increase,  and  secant  modulus  change.  One  of  their  conclusions  was 
that  the  primary  process  responsible  for  fatigue  failure  of  laminates 
having  lifetimes  on  the  order  of  10®  cycles  was  that  of  matrix  "wear- 
out"  followed  by  chance  failure  of  the  fibers. 

Reifsnider  [58]  examined  the  mechanics  of  damage  development  and 
failure  for  notched  and  unnotched  materials  beginning  with  lamina 
behavior  and  proceeding  to  laminate  behavior.  He  introduced  the 
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concept  of  a  characteristic  damage  state  as  a  prefracture  condition 
from  which  fracture  models  might  be  developed,  and  drew  an  analogy 
with  the  familiar  single  crack  condition  in  homogeneous  materials. 
Hahn  [83]  reviewed  the  effects  of  constant  amplitude  cyclic  loading  on 
uniaxial  and  multiaxial  laminates.  He  provided  an  excellent 
analytical  treatment  of  longitudinal  cracking  in  0  degree  plies  for 
both  cases  as  well  as  other  subcritical  damage,  and  attempted  to 
relate  these  to  changes  in  stre  gth  and  stiffness. 

Harris  [84]  reviewed  the  state  of  knowledge  of  composite  fatigue 
and  suggested  that  matrix  and  Interface  damage  represent  the  weak  link 
as  far  as  fatigue  resistance  is  concerned  inasmuch  as  local  matrix 
fatigue  failures  are,  in  his  opinion,  the  predominant  contributor  to 
composite  fatigue  failure. 

There  have  been  a  number  of  contributions  to  the  recent  litera¬ 
ture  involving  the  observation  and  experimental  characterization  of 
fatigue  damage  in  composite  materials.  In  this  area  there  has  been  in 
the  author's  opinion,  some  unevenness.  In  some  cases  there  appears  to 
be  a  tendency  to  simply  report  observations  of  damage  for  specified 
conditions  with  little  or  no  analysis  of  the  cause  of  the  damage  in 
terms  of  the  loading,  geometry,  laminate  stacking  sequence,  et  cetera, 
or  its  effect  upon  fatigue  behavior.  Such  ad  hoc  observation  and  con¬ 
jectural  analysis  is  not  likely  to  lead  to  a  fundamental  understanding 
of  the  effect  of  such  damage  upon  composite  strength,  stiffness,  and 
life. 
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Several  investigators  have  studied  specific  aspects  of  the 
broader  problem  of  damage  development  and  have  produced  thorough  and 
critical  treatments.  Awerbach  and  Hahn  [85]  examined  the  role  of 
matrix  and  interface  damage  on  failure  of  unidirectional,  off-axis 
graphite/epoxy  specimens  under  combined-stress  fatigue  loading  in 
order  to  understand  ply  failure  in  more  complicated  laminates.  By  the 
use  of  stereoptical  techniques  they  concluded  that  several  inter¬ 
dependent  failure  modes  (fracture  of  individual  fibers,  matrix  ser¬ 
ration  or  shear  failure  in  the  matrix,  matrix  cleavage,  and 
matrix/interface  cracking  parallel  to  fibers)  act  to  produce  overall 
failure  of  these  specimens.  Similar  work  and  results  were  reported  by 
Sinclair  and  Chamis  [47-49], 

Rei fsnider,  et  al .  [59],  Masters  [60],  and  Bader,  et  al .  [86] 
have  examined  the  formation  of  cracks  in  the  off-axis  plies. 
Reifsnider  identified  the  existence  of  a  "characteristic  damage 
state,"  a  condition  in  which  a  saturation  of  cracking  is  ultimately 
achieved  in  both  static  and  cyclic  loading  and  for  which  a  charac 
teristic  spacing  of  cracks  is  observed  and  can  be  predicted  from  a 
simple  one-dimensional  shear-lag  analysis.  This  characteristic  damage 
state  is  independent  of  load  history.  Including  thermal  and  hygro¬ 
scopic  effects  and  depends  only  upon  the  material,  geometry,  and 
stacking  sequence.  Bader  subsequently  reported  similar  results. 

Stinchcomb,  et  al.  [72]  have  examined  the  effect  of  cyclic  fre¬ 
quency  on  the  fatigue  damage  modes  in  boron/epoxy  material.  They 
identified  a  marked  frequency  dependence  of  mechanical  response  which 
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they  attributed  to  a  time-at-load  influence  on  the  development  of 


damage  In  the  matrix  material.  Stinchcomb,  et  al.  [74]  have  also 
studied  the  effects  of  ply  constraint  on  fatigue  damage  development  in 
composite  materials.  They  concluded  that  constraint  situations  which 
produce  the  greatest  static  strength  do  not  minimize  the  extent  of 
damage  that  develops  during  cyclic  loading;  and,  likewise,  constraints 
which  lead  to  minimum  damage  situations  do  not  conform  to  maximum 
strength  cases.  They  also  observed  that  the  out-of-plane  stresses 
produced  by  constraints  are  influential  on  the  growth  of  damage  along 
ply  Interfaces,  especially  during  cyclic  loading.  Finally,  they 
determined  that  through-the-thickness  constraint  controls  the  pattern 
and  spacing  of  cracks  In  the  characteristic  damage  state  which  in  turn 
determines  the  state  of  stress  In  the  damaged  laminate. 

O'Brien  [62]  has  quantitatively  described  the  onset  and  growth  of 
delaminations  in  certain  stacking  sequences  of  graphite/epoxy  lami¬ 
nates.  He  determined  that  the  laminate  stiffness  decreased  linearly 
with  Increasing  delamln^tion  size.  By  computing  the  strain  energy 
release  rate,  G,  he  was  able  to  calculate  a  critical  value,  Gc,  for 
delamination  onset.  He  proposed  a  power  law  correlation  between  G  and 
the  delamination  growth  rate  In  fatigue. 

Except  for  the  classical  work  of  Rosen  [21]  in  which  he  proposed 
the  ineffective  length  model  to  predict  lamina  fracture  and  the  early 
work  by  Herring,  et  al.  [65]  with  crack  growth  in  a  unidirectional 
boron/al uminum  composite  which  yielded  some  quite  remarkable  radio¬ 
graphs,  most  fiber  fracture  Investigations  have  been  of  the 
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post-failure  fractographic  nature.  An  exception  is  work  reported  by 
Rei  fsHder,  et  ai.  [63]  in  which  scanning  electron  micrographs  of  edge 
replicas  were  analyzed  to  determine  patterns  of  fiber  breaks  at  the 
edge  of  fatigue-damaged  graphite/epoxy  specimens.  Freeman  [87]  has 
also  observed  damage  including  broken  fibers  around  holes  in  fatigue 
loaded  graphite/epoxy  specimens  using  a  light  microscope  to  observe 
individual  laminae  which  had  been  "deplied"  from  the  laminate.  This 
deply  process  was  accomplished  by  heating  the  laminate  to  a  tempera¬ 
ture  sufficient  to  pyrolize  the  resin  matrix  and  thereby  eliminate  the 
interlaminar  bond.  Recently,  Jamison  [64]  has  observed  fiber  fracture 
in  similarly  deplied  laminae  from  unnotched  laminates  by  scanning 
electron  microscopy  (SEM). 

Analytical  treatments  of  fiber  fracture  are  typically  statistical 
in  nature.  The  groundwork  for  predicting  tensile  failure  of  a  compo¬ 
site  lamina  in  terms  of  the  strength  of  the  constituent  fibers  was 
provided  by  Rosen  [21],  who  proposed  the  chain  of  bundles  model  and 
introduced  the  fiber  ineffective  length  concept.  In  a  subsequent 
related  paper,  Zweben  [22]  extended  the  model  to  account  for  multiple 
contiguous  fiber  breaks  using  the  stress  transfer  scheme  of  Hedgepeth 
[29],  Zweben  also  suggested  that  two  general  modes  of  composite 
failure  exist--a  cumulative  mode  in  w^ch  damage  including  fiber 
breaks  develops  globally  prior  to  failure,  and  a  non -cumulative  mode 
in  which  little  fiber  fracture  occurs  prior  to  fracture.  These  modes 
were  later  observed  experimentally  by  Herring  [65],  Zweben  and  Rosen 
[23]  discussed  crack  growth  in  unidirectional  composites  taking  into 


account  stress  concentrations  in  nearest  fibers  and  expressed  the 
expected  number  of  multiple  breaks  of  various  orders  as  functions  of 
stress. 

Harlow  and  Phoenix  [24,25]  extended  the  chain-of-bundles  model  to 
produce  an  essentially  exact  solution  and  concluded  that  the  Wei  bull 
shape  and  scale  parameters  for  the  composite  strength  are  different 
from  those  of  the  fibers  which  make  up  the  composite.  Tamuzs  [31] 
treated  the  accumultlon  of  contiguous  fiber  breaks  in  a  unidirectional 
composite  as  the  growth  of  a  penny-shaped  crack.  In  his  analysis, 
failure  occurred  when  the  fracture  of  one  additional  fiber  in  a  multi  - 
plet  of  breaks  occurred  to  produce  an  unstable  arrangement.  Batdorf 
[26]  abandoned  the  chain-of-bundles  model  In  favor  of  a  Griffith-type 
instability  treatment  of  a  "crack'1  representing  multiple  adjacent 
fiber  breaks.  His  treatment  is  conceptually  and  analytically  simpler 
than  the  treatment  of  Phoenix  and  Harlow  yet  yields  similar  predic¬ 
tions.  Additionally  it  can  be  extended  to  the  three-dimensional  case. 

Tamuzs  [30,31]  has  analyzed  the  time-dependent  fracture  of  compo¬ 
sites  at  constant  load  by  introducing  the  concept  of  time-dependent 
fiber  strength  and  has  proposed  a  kinetic  model  of  cumulative 
defects.  He  has  also  reported  a  size  effect  in  cumulative  damage 
development  In  which  final  failure  in  large  specimens  occurs  at  lower 
densities  of  accumulated  damage  than  in  smaller  specimens.  This  phe¬ 
nomenon  was  also  predicted  by  Zweben  [22]  and  Batdorf  [27], 

Within  the  literature  which  can  be  broadly  classified  as  post- 
fracture  analysis,  some  type  of  "fractographi c"  technique  is  often 
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employed,  Purslow  [54]  provided  an  excellent  treatment  of  the  funda¬ 
mental  aspects  of  composite  fracture  surface  analysis.  He  conducted  a 
fractographlc  characterization  of  carbon  fiber  reinforced  plastic 
laminates  and  by  Interpretation  of  fracture  surface  features  he 
contended  that  the  fracture  modes,  failure  sequence  and  the  initiation 
site  for  failure  could  be  Identified.  Morris  [55]  applied  SEM  frac- 
tography  to  graphite/epoxy  specimens  having  known  failure  directions 
and,  by  observing  features  (which  he  termed  "hackles")  in  the  epoxy 
fracture  surface,  he  found  that  the  direction  of  overlap  or  tilt  of 
these  hackles  Indicated  the  initiation  site  and  direction  of  failure. 

Williams  and  Self snider  [56]  used  SEM  fractography  to  assess  the 
role  of  matrix  damage  in  fatigue  failure  of  two  boron  fiber  compo¬ 
sites.  They  reported  distinct  differences  between  static  and  fatigue 
damage  and  between  high  and  low  cyclic  frequencies,  both  in  the  type 
of  damage  and  in  the  order  of  occurrence  and  modes  of  propagation. 
Kline  and  Chang  [57]  used  both  light  and  electron  microscopy  and  X-ray 
radiography  to  study  ten  si  on -ten  si  on  fatigue  failure  of  notched 
graphite/epoxy  laminates.  Their  observations  of  hackle  structures 
were  similar  to  those  of  Morris.  They  observed  cleavage-like  branched 
structures  In  between  fibers  and  suggested  that  they  resulteJ  from 
fiber-matrix  interfacial  stress  due  to  differences  in  elastic 
properties.  They  also  observed  that  these  cracks  appeared  to  be  the 
inverse  image  of  hackles,  suggesting  a  source  for  the  latter  struc- 


Sinclair  and  Chamis  [47-49]  examined  fracture  surfaces  of  off- 
axis  specimens  of  graphite/epoxy  material  and  classified  them 
according  to  stress  state:  fiber  tensile  fracture  for  fiber  orien¬ 
tations  between  0  and  5  degrees;  interlaminar  shear  stress  fracture 
for  fiber  orientations  between  5  and  15  degrees;  transverse  tensile 
stress  fracture  for  fiber  orientations  between  45  and  90  degrees;  and 
mixed  mode  fracture,  a  combination  of  intralaminar  shear  and  trans¬ 
verse  tensile  stress  which  can  occur  for  angles  between  15  and  45 
degrees. 

Rotem  and  Hashin  [46]  have  studied  the  failure  of  balanced  angle 
ply  laminates  of  E-glass/epoxy  material.  By  using  transmitted  light 
to  observe  cracks  and  del  ami  an ti  on  s,  they  identified  three  distinct 
modes  of  failure.  For  ply  angles  between  0  and  40  degrees,  failure 
was  due  to  delamination;  for  angles  between  40  and  50  degrees,  failure 
was  by  ply  cracking;  and  for  angles  greater  than  50  degrees,  by  a 
single  crack  parallel  to  the  fibers,  a  more  local  phenomenon. 

Bailey  and  Parvizi  [45]  studied  the  role  of  fiber  debonding  in 
the  failure  of  cross-ply  glass  fiber  composites.  Using  a  strain  stage 
in  an  SEM  they  directly  observed  fiber-matrix  debonding  in  transverse 
plies.  They  reported  that  in  [0,90,0]  laminates  fiber-matrix 
debonding  preceded  transverse  cracking  in  90°  plies  and  occurred  at 
strains  as  low  as  0,1  percent.  They  noted  that  visible  whitening  of 
the  matrix  and  a  small  modulus  change  appeared  to  be  associated  with 
debonding  in  glass  fiber  epoxy  systems.  They  concluded  that 
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transverse  cracks  in  this  material  developed  by  formation  and 
coalescence  of  fiber-matrix  debonds. 

Damage  which  develops  at  free  edges  of  composites  has  been 
examined  both  experimentally  and  analytically  by  a  number  of  investi¬ 
gators.  The  study  of  the  role  of  interlaminar  stresses  in  edge  dela¬ 
mination  which  accounts  for  much  of  this  literature  was  begun  by 
Pagano  and  Pipes  [69-71],  They  identified  the  role  of  laminate 
stacking  sequence  in  producing  states  of  interlaminar  shear  and  normal 
stress  which  either  encouraged  or  resisted  the  initiation  and  growth 
of  edge  delaminations.  Herakovich  [67]  has  further  analyzed  the 
stacking  sequence  effect  in  terms  of  the  elastic  properties  of  the 
material  and  has  established  a  rank  ordering  of  the  stacking  sequence 
combinations  for  a  quasi-isotropic  graphite/epox)  laminate  based  on 
the  magnitudes  of  elastic  property  differences  at  adjacent  plies. 
Crossman  [68]  used  a  finite  element  analysis  to  compute  interlaminar 
stresses  at  the  free  edge  of  graphite/epoxy  laminates  under  tensile 
loads  and  correctly  predicted  the  interlaminar  location  of  the  first 
delaminations,  but  did  not  predict  subsequent  delaminations  which 
occurred  at  other  interfaces. 

Edge  studies  have  been  undertaken  not  only  to  investigate  edge 
delamination  but  also  other  damage  modes  as  well.  Stalnaker  and 
Stinchcomb  [66]  followed  the  progression  of  fatigue  damage  in  two  dif¬ 
ferent  quasi -i cotropic  stacking  sequences  of  graphite/epoxy  material 
a  function  of  load  history  using  a  surface  replication  technique. 
They  observed  that  the  formation  of  cracks  in  off-axis  plies  and 
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delaminations  between  plies  were  dependent  upon  the  stacking 
sequence.  They  also  observed  that  a  stable  crack  density  was 
eventually  reached  in  each  lamina  and  that  the  measure  of  this  charac¬ 
teristic  spacing  in  each  ply  was  dependent  upon  the  stacking  sequence 
but  not  upon  the  cyclic  stress  level. 

Wang  and  Wang  [32]  used  a  full-width  surface  notch  in  laminates 
of  E-glass/epoxy  material  to  study  delamination  growth  during  tension- 
tension  cyclic  loading.  They  observed  that  delamination  was  a  matrix- 
dominated  process  in  which  the  interlaminar  crack  traveled  within  the 
resin-rich  zone.  They  noted  a  strong  correlation  between  delamination 
growth  rate  and  the  range  of  cyclic  stress  intensity  factors  and  pro¬ 
posed  a  power  law  for  delamination  growth  rate. 

There  are  numerous  analytical  treatments  of  composite  damage 
accumulation  and  failure,  apart  from  those  dealing  with  the  statistics 
of  fiber  fracture.  Those  which  are  discussed  in  the  following  para¬ 
graphs  do  not,  by  any  measure,  represent  the  complete  set  but  are,  in 
the  author's  opinion,  representative  of  general  categories  of  these 
analyses.  Some  analysis  efforts  deal  with  modeling  specific  damage 
mechanisms.  Wang,  et  al.  [37]  used  the  concept  of  strain  energy 
release  rate  and  a  finite  element  analysis  to  model  the  development  of 
multiple  transverse  cracks  in  graphite/epoxy  laminates.  Their 
analysis  predicted  both  the  critical  applied  stress  for  first  cracking 
and  the  existence  of  a  saturation  spacing  of  transverse  cracks. 
Reifsnider  [88]  had  previously  predicted  this  spacing  using  a  simpler 
one-dimensional  shear-lag  analysis.  Kelly  [36]  examined  the  same 


phenomenon  in  cross-ply  laminates  and  included  the  effects  of  curing 
stresses.  He  hypothesized  the  existence  of  longitudinal  cracking  from 
consideration  of  Poisson  mismatch  between  plies  and  suggested  that 
such  splitting  should  be  complete  when  the  saturation  condition  in  the 
transverse  plies  is  achieved.  Korczynskyj  and  Morley  [34]  approached 
the  same  problem  with  similar  results  by  modeling  the  strain  field 
about  a  crack  of  arbitrary  length  in  a  transverse  ply. 

Another  type  of  analytical  treatment  is  that  which  uses  micro- 
structural  damage  models  as  a  basis  for  predicting  macroscopic  failure 
conditions.  Hashin  [38]  took  this  approach  to  developing  fatigue 
failure  criteria  for  unidirectional  fiber  composites.  He  identified 
and  separately  modeled  two  distinct  failure  modes:  a  fiber  mode  and  a 
matrix  mode,  the  active  mode  being  determined  by  the  fiber  angle  of 
the  laminate.  The  failure  criteria  took  a  tensor  polynomial  form  in 
which  strengths  are  functions  of  the  fatigue-stress  ratio  and  fatigue 
life.  Nuismer  [42]  also  modeled  damage  as  being  of  two  types 
occurring  in  repeating  patterns:  normal  damage  consisting  of  fiber 
breaks  and  matrix  cracks  normal  to  the  fiber  direction;  and  parallel 
damage  consisting  of  longitudinal  splitting  and  fiber-matrix 
debonding.  He  thereby  introduced  damage  state  variables  into  the  ply 
constitutive  relations  which  were  then  used  in  a  laminated  plate 
theory  along  with  an  unspecified  failure  criterion  to  predict  laminate 
failure.  He  reported  general  agreement  with  a  set  of  experimental 
data. 
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Tsai  and  Hahn  [18]  and  Wu  [17]  have  provided  tutorial  treatments 
of  macroscopic  failure  predictions  dealing  generally  with  tensor  poly¬ 
nomial  formulations  of  failure  criteria.  Wu  also  provided  an  excel¬ 
lent  treatment  of  fracture  mechanics  concepts  applied  first  to  aniso¬ 
tropic,  and  then  to  inhomogeneous  materials. 

A  number  of  analytical  treatments  of  the  role  of  stress  redistri¬ 
bution  due  to  damage  development  have  been  reported.  Kochetkov  and 
Maksimov  [33]  have  provided  an  analysis  of  stress  redistribution  in  a 
unidirectional  hybrid  composite  using  a  composite  cylinders  model  to 
assess  the  changes  in  elastic  modulus  due  to  failure  of  fibers. 
Reifsnider  and  Talug  [89]  analyzed  the  stress  fields  in  laminates  in 
the  presence  of  cracks  using  a  quasi-three-dimensional  finite  diffe¬ 
rence  scheme  to  solve  a  displacement-formulated  classical  elasticity 
problem.  This  analysis  substantiated  the  characteristic  damage  state 
prediction  of  saturation  crack  spacing  and  provided  a  basis  for  the 
role  of  the  altered  stress  state  about  these  cracks  on  subsequent 
damage  development. 

Two  analytical  treatment-  *f  fatigue  life  have  been  reported. 
Chou  and  Croman  [35]  studied  two  models  for  residual  strength--(i )  a 
degradation  model  in  which  strength  decreases  with  each  cycle  as  a 
result  of  damage;  and  (ii)  a  sudden  death  model  in  which  strength 
decrease  occurs  only  in  the  last  cycle  and  fatigue  failure  is  governed 
by  some  mechanism  other  than  residual  strength.  They  found  that  the 
degradation  model  was  a  better  predictor  of  residual  strength  for 
multi-directional  laminates  but  that  the  sudden  death  model  better 
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described  unidirectional  behavior.  Chou  [19]  proposed  a  phenomeno¬ 
logical  cumulative  damage  rule  for  fatigue  life  using  a  percent 
failure  of  specimens  basis  rather  than  Miner's  Rule.  In  this  model, 
which  was  shown  to  agree  reasonably  well  with  a  small  set  of  experi¬ 
mental  data,  damage  development  is  assumed  to  be  inden  sdent  of  the 
sequence  of  cyclic  loading. 

Applications  of  linear  elastic  fracture  mechanics  to  composite 
materials  also  make  up  a  sizable  part  of  the  analytical  treatments  of 
composite  failure.  This  work  falls  generally  into  two  categories--(i ) 
that  which  seeks  to  approach  the  question  of  fracture  toughness  of  a 
composite  in  terms  of  the  crack  tip-mi crostructure  interaction,  viz 
Beaumont  and  Tetelman  [3],  Kreider  and  Dardi  [4],  Awerbach  and  Hahn 
[5],  and  Poe  [6];  (ii)  those  which  apply  LEFM  concepts  to  the  compo¬ 
site  modeled  as  an  anisotropic  medium  in  which  the  material  hetero¬ 
geneity  is  either  ignored  or  accommodated  in  "equivalent  homogeneous" 
models.  Some  examples  of  this  second  category  are  those  by  Cook  and 
Rau  [7],  Cruse  and  Konish  [8],  Maron  and  Johnson  [9],  Erdogan  [10], 
Tsai  and  Hahn  [11],  Morris  and  Hahn  [12],  and  Si h  [13].  Several 
workers  have  provided  overview  treatments  of  the  possible  applications 
and  limitations  of  LEFM  in  the  study  of  composite  fracture.  Among  the 
best  of  these,  in  the  author's  opinion,  are  those  by  Kanninen,  et  al. 
[14],  Smith  [15],  and  Zweben  [16], 

The  relationship  between  reduction  of  stiffness  and  development 
of  damage  during  fatigue  of  composites  had  been  observed  and  studied 
by  several  investigators.  O'Brien  [90]  and  O'Brien  and 
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Reifsnider  [78]  have  described  the  stiffness  reductions  in  boron/epoxy 
laminates  in  terms  of  reductions  of  the  in-plane  stiffness  properties, 
Exx,  Eyy,  and  GXy.  They  observed  that  damage  modes  differed 
distinctively  according  to  lay-up  and  that  the  anisotropy  of  fatigue 
damage  development  among  laminates  having  different  stacking  sequences 
was  reflected  in  differing  percentage  changes  in  these  stiffness 
properties.  They  also  examined  [77]  the  correlation  between  matrix 
damage  and  fiber  fracture  in  boron/epoxy  laminates  with  stiffness  and 
strength  reductions.  In  this  study,  the  number  of  fractures  due  to 
cyclic  loading  was  determined  after  acid-leaching  of  the  epoxy  resin 
matrix.  They  concluded  that  there  was  a  strong  correlation  between 
static  stiffness  changes  and  matrix  damage  and  that  a  weaker 
correlation  existed  between  the  reduction  in  strength  and  the  number 
of  fibers  broken  during  fatigue  prior  to  final  fracture. 

Hahn  and  Kim  [82]  proposed  a  secant  modulus  criterion  for  fatigue 
failure  of  composite  laminates.  The  criterion,  simply  stated,  was 
that  fatigue  failure  would  occur  when  the  static  stiffness  measured 
during  fatigue  was  degraded  to  *he  value  of  the  secant  modulus 
measured  by  a  quasi-static  ultimate  trength  test,  regardless  of  the 
load  history.  The  later  work  of  O'Brien  and  Reifsnider  [78],  however, 
demonstrated  that  damage  accumulation  for  a  particular  laminate  during 
fatigue  and  static  loading  was  different,  i.e.,  load  history  could  not 
be  ignored  and  the  secant  ..lodulus  criterion  was  not  generally  appli- 


Highsmith  and  Reifsnlder  [79]  have  extended  the  work  of  O'Brien 
and  Reifsnider,  previously  cited,  in  determining  stiffness  changes  due 
to  matrix  cracks  alone.  They  proposed  a  model  for  treating  the 
problem  analytically  wherein  elements  of  the  lamina  stiffness  tensor 
are  systematically  reduced  in  relation  to  crack  density  and  the  lami¬ 
nate  stiffness  is  then  determined  from  a  laminated  plate  theory.  They 
reported  good  correlation  with  experimental  results  from  both  static 
and  fatigue  tests. 
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III.  EXPERIMENTAL  PROCEDURE 


In  order  to  study  generic  fatigue  damage  development  in  composite 
materials  experimentally,  two  general  conditions  must  be  met.  First, 
the  choice  of  laminate  stacking  sequences  used  must  span  the  range  of 
interlaminar  constraint  conditions  in  order  that  observations  and  con¬ 
clusions  drawn  from  them  can  be  generalized  to  the  multilayered  compo¬ 
site  laminates  used  in  practical  structures.  Second,  some  provision 
must  be  made  for  assessing  damage  development  in  a  particular  specimen 
during  the  course  of  cyclic  loading  using  nondestructive  methods  so 
that  the  testing  programs  can  be  accomplished  efficiently  and  economi¬ 
cally.  Without  such  a  damage  analogue  to  serve  as  a  sentinel  for 
control,  the  number  of  tests  required  to  provide  a  sufficiently  repre¬ 
sentative  range  of  damage  conditions  using  only  S-N  data  could  be  pro¬ 
hibitive. 

To  satisfy  the  first  of  these  conditions,  three  laminate  stacking 
sequences  were  selected:  [Q,902]s,  [0,±45]s,  and  [0,90,±45]s.  Each 
of  these  stacking  sequences  appear  as  repeating  sublaminates  in 
thicker  structural  laminates.  Moreover,  the  in-plane  stress  state  of 
the  [Dr^O^js  laminate  subjected  to  uniaxial  tensile  loading  in  the  0 
degree  direction  differs  markedly  from  that  of  the  [0,±45]s  laminate, 
as  do  the  laminate  elastic  properties.  Table  I  shows  the  in-plane 
stresses  in  the  0  degree  plies  calculated  from  laminated  plate  theory 
for  an  applied  laminate  stress  of  10  ksi  (69  MPa).  Residual  thermal 
stresses  corresponding  to  a  cure  temperature  of  275°F  (133°C)  and 
operating  temperature  of  75 °F  (24°C)  are  included. 
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Table  1.  Zero  Degree  Ply  Stresses  for  an  Applied  Laminate  Stress  of 

ID  ksi  (69  MPa). 


Laminate 

Type 

c^(ksi)(MPa) 

a?(ksi)(MPa) 

t1?(ksi)(LPa) 

[0,902]s 

19.4  (134) 

4.2  (29) 

n 

[fl,±45]s 

23.7  (163) 

2.5  (17) 

0 

[0,90,±45]s 

22.5  (155) 

3.6  (25) 

0 
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Table  II  shows  the  initial  elastic  constants  for  each  laminate.  All 
values  are  calculated  from  a  laminated  plate  theory  using  nominal 
lamina  properties  of  T300/5208  graphite/epoxy  material.  Differences 
in  the  initial  stress  state  and  elastic  properties  would  be  expected 
to  cause  differences  in  damage  development. 

The  role  of  interlaminar  normal  and  shear  stresses  in  the 
development  and  growth  of  delaminations  has  been  recognized  for  some 
time  [69-71].  Figure  1  shows  the  through-thickness  variation  of  these 
stresses  near  the  edge  of  each  of  the  laminate  types  for  an  applied 
uniaxial  tensile  load,  Nx  =  1000  Ibf.  (4.45  kN).  A  finite  element 
analysis  was  used  to  determine  the  values  shown.  Such  information  is 
useful  in  assessing  the  tendency  of  a  particular  stacking  sequence  to 
delaminate  and  in  predicting  the  interface(s)  at  which  such  delami¬ 
nations  would  most  likely  occur.  A  large  tensile  value  or  large 
value  of  t  or  -v  (of  either  sign),  or  a  combination  of  moderate 
values  of  several  of  these  stresses  at  one  or  more  interfaces  would 
suggest  a  tendency  for  delamination  to  occur.  Inspection  of  Fig.  1 
suggests  a  relatively  higher  probability  of  delamination  for  the 
[0,90,±45]s  laminate  because  of  high  interlaminar  shear  stress  than 
for  the  other  laminate  types  despite  the  existence  of  a  compressive 
interlaminar  normal  stress.  The  [0,±45]s  laminate  would  appear  to 
have  the  lowest  tendency  for  del >mination  as  a  result  of  low  inter¬ 
laminar  shear  and  normal  stresses.  On  this  basis,  the  selected 
laminate  types  represented  a  desirable  range  of  delamination 
expectati ons. 


Table  2.  Room  Temperature  Nominal  Mechanical  Properties  of 
T300/5208  Graphite/Epoxy  Laminates. 


Initial  Elastic  Properties 


Laminate 

Type 

Ex (MSI)(GPa) 

Ey(MSI)(GPa) 

Gxy(MSI)(GPa) 

vxy 

[n,902]s 

7.9  (54) 

14.3  (98.6) 

0.9  (  6) 

0.03 

[0,±45]s 

9.0  (62) 

3.9  (27) 

3.8  (26) 

0.69 

[0,90,±45]s 

8.1  (56) 

8.1  (56) 

3.1  (21) 

0.30 

The  material  used  was  T300/5208  graphite/epoxy  manufactured  by 
NARMCO  Materials,  Inc.  and  supplied  in  a  prepreg  form  as  6  inch 
(152  mm)  wide  rolls.  Table  III  lists  nominal  properties  of  the 
material  along  with  cure  cycle  data.  Laminated  plates  of  this 
material  wore  fabricated  locally  using  a  flat  face  press  and  the  cure 
cycle  described  in  Table  III.  Each  plate  was  examined  visually  and  by 
ultrasonic  C-scan  to  assess  its  overall  quality  and  to  exclude  regions 
of  high  porosity  in  cutting  specimens  from  it.  Specimens  were  cut 
from  the  plate  using  a  circular  saw  with  a  diamond  wheel.  Specimen 
dimensions  were  8  in.  (203  mm)  long  and  1  in.  (25.4  mm)  wide. 

Thickness  for  the  6-ply  laminates  ([0,902]s  and  [0,±45]s)  was 

approximately  0.034  in.  (0.86  mm);  for  the  8-ply  laminate 
([0,90,±45]s),  the  thickness  was  0.045  in.  (1.1  mm).  Width  and 

thickness  measurements  were  made  with  dial  calipers  for  each  specimen 
individually. 

Some  specimens  to  be  examined  by  moire  interferometry  (see 

Appendix)  were  9  in.  (229  mm)  long  and  were  provided  with  1  3/4  in. 
(44.5  mm)  end  tabs  to  conform  to  a  special  specimen  gripping  arrange¬ 
ment  for  that  purpose.  The  tabs  were  of  the  same  material  and 
stacking  sequence  as  the  specimen  to  which  they  were  attached  and  were 
bonded  with  EP0N  828/PACM  20  epoxy  manufactured  by  Shell  Chemical 
Company.  All  other  specimens  did  not  have  end  tabs.  However  the  ends 
of  the  specimens  (approximately  1  1/2  in.  (38  mm))  were  coated  with  a 
thin  layer  of  MS  907  epoxy  manufactured  by  Mi  1 ler-Stephenson  Chemical 
Company.  This  coating  served  to  consolidate  the  surface  fibers  in  the 


Table  3.  Properties  and  Cure  Data^  for  T300/5208 
Graphite/Epoxy  Material 


Ply  Thickness  before  Fabrication  (in.)  (mm)^ 

Ply  Thickness  after  Fabrication  (in.)  (mm)2 

Fiber  Volume  Fraction  (%)? 

Cure  Temperature  (°F)  (°C) 

Cure  Pressure  (psi)  (MPa) 

Cure  Time  (min.) 

Post-cure  Temperature  (°F)  (°C) 

Post-cure  Pressure  (psi)  (MPa)  • 

Post-cure  Time  (min.) 

Lamina  Elastic  Properties0 

Longitudinal  Modulus,  Ei  (msi)(GPa) 
Transverse  Modulus,  E 2  (msi)(GPa) 
Shear  Modulus,  G^  (msi)(GPa) 
Poisson  Ratio, 

Supplied  by  manufacturer 
Measured 

3.  Nominal  values  for  T300/5208 


0.0075  (0.19) 
0.0055  (0.14) 
66 

275  (135) 

70  (0.5) 

105 

325  (163) 

70  (0.5) 

120 

20.6  (142) 

1.5  (10) 

0.87  (6) 

0.035 


0  degree  plies  and  provide  a  more  uniform  gripping  surface.  Two 

thicknesses  of  320  grit  emery  cloth  were  interposed  between  the 
machine  grips  and  the  specimens  during  fatigue  loading  to  improve  the 
gripping  efficiency.  The  epoxy  layer  served  to  insulate  the  specimen 
from  wear  induced  by  this  arrangement.  The  two  specimen  types  are 
shown  schematically  in  Fig.  2.  Specimens  were  stored  in  a  desicator 
cabinet  between  the  time  of  fabrication  and  the  time  of  use. 

All  static  and  cyclic  tests  were  conducted  on  an  MTS  servo- 

controlled,  closed  loop  testing  machine  operating  in  the  load- 
controlled  mode.  Two  types  of  grips  were  used.  Initially,  the 
fatigue  testing  of  the  [0,90,±45]s  specimens  was  conducted  using  MTS 
hydraulic  wedge-type  grips  having  a  1  1/2  in.  (38.1  mm)  width 

capacity.  Lateral  alignment  for  1  in.  (25.4  mm)  wide  specimens  was 
accomplished  by  using  locally  fabricated  thin  brass  guides  having  out¬ 
side  dimensions  of  1  1/2  in.  and  inside  dimensions  of  1  in.  Although 

this  arrangement  was  satisfactory  for  the  [0,90,±45]s  laminates,  it 
proved  to  be  unsatisfactory  for  the  other  laminate  types.  The  combi¬ 
nation  of  a  slight,  uncorrectable  misalignment  in  one  of  the  hydraulic 
grips  and  the  reduced  thickness  and  increased  anisotropy  of  the 
[0,90o]s  and  [0,±45]s  laminates,  produced  unacceptable  scatter  in 
their  observed  fatigue  behavior.  Consequently,  most  of  the  cyclic 


testing  of  these  laminate  types  was  conducted  on  another  MTS  machine 
equipped  with  mechanical  Instron  grips  having  1  in.  wide  wedges. 
Although  difficulties  associated  with  uniaxial  loading  of  these  thin 


specimens  was  not  entirely  eliminated,  a  major  difficulty  was  thereby 
avoided. 
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Continuous  stiffness  monitoring  was  an  integral  part  of  the 
damage  development  investigation.  Stiffness  was  measured  by  means  of 
an  extensometer  attached  to  one  surface  of  the  specimen.  The  extenso- 
meter  gage  length  was  nominally  2  in.  (51  mm)  and  attachment  was  made 
to  the  center  portion  of  the  specimen.  The  extensometer  knife  edges 
sat  in  narrow,  V-shaped  channels  machined  into  aluminum  tabs.  These 

tabs,  measuring  nominally  1/2  in.  (13  mm)  by  1/4  in.  (6  mm)  by 

1/32  in.  (0.8  mm),  were  in  turn  bonded  to  the  specimen  surface  using 
RTV  silicone  rubber  cement  manufactured  by  3-M  Company.  The 

arrangement  is  shown  in  Fig.  3. 

The  testing  program  for  each  of  the  three  laminate  types  was  the 
same  and  consisted  of  several  phases.  The  first  was  the  determination 
of  the  ultimate  tensile  strength,  Su^t.  These  tests  were  conducted 
using  the  Instron  mechanical  wedge-type  grips  with  the  MTS  machine  in 
load-controlled  mode  at  a  loading  rate  of  20  lbf  (0.09  N)  per 
second.  Strain  was  measured  by  two-element  strain  gages  bonded  to  the 
center  of  the  specimen  using  AE- 1015  epoxy  adhesive  manufactured  by 
Micro-Measurements  Company.  Load  and  longitudinal  and  transverse 
strains  were  recorded  on  a  three  channel  plotter.  Three  tests  for 
each  laminate  type  were  conducted.  Average  values  of  the  results  are 
shown  in  Table  IV. 

Using  these  measured  ultimate  tensile  strength  values,  a  series 


of  preliminary  fatigue  tests  was  conducted  to  establish  proper  stress 


Table  4.  Average  Measured  Laminate  Properties. 


Laminate 

Type 

Tx(Avg) 

Msi(GPa) 

vxy(Avg) 

SU1 t^v^) 

Ksi(MPa) 

[0,9O2]s 

7. 43(51. 2) ±0.27(1.9) 

0.04 

81.2(560)±5.3(37) 

[0,±45]s 

8. 34(57. 5)±0. 29(2.0) 

0.71±0 .01 

96 .2(66 3 )±5. 0(34) 

[0,90,±45]s 

7. 67 (52. 9) ±0.22(1. 5) 

— 

74.1 (511)±0.1(  1) 

I 


levels  for  subsequent  tests.  The  aim  was  to  determine  the  maximum 
cyclic  stress  level  which  would  produce  fatigue  lifetimes  on  the  order 
of  105  cycles  and  produce  approximately  the  same  maximum  stresses  in 
the  0  degree  plies  for  each  of  the  laminate  types.  The  preliminary 
tests  were  conducted  at  a  constant  stress  ratio,  R=0.1,  in  a  sinu¬ 
soidal  form  at  a  cyclic  frequency  of  10  Hz  in  a  ten  si  on -ten  si  on 
mode.  The  results  of  these  tests  provided  the  following  working 

stresses,  a  ,  for  each  laminate  type: 

’  max 


[0,902]s, 

%ax  ®*7^  ^ult 

[0,±45]s, 

^nax  =  0,72  Sult 

[0,90,±45]s, 

°foax  =  °‘62  sult 

These  maximum  stress  amplitudes  were  used  in  all  subsequent  tests. 

Two  series  of  fatigue  tests  were  conducted  for  each  laminate 
type.  The  first  was  designed  to  study  the  sequence  of  damage  develop¬ 
ment  in  a  single  specimen  by  nondestructi vely  evaluating  its  condition 
at  intervals  during  its  fatigue  lifetime.  For  purposes  of  discussion, 
this  type  of  test  will  be  referred  to  hereafter  as  a  "stop  and  go" 
test.  The  second  series  of  tests  was  aimed  at  producing  various 
levels  of  expected  damage  in  a  nunber  of  different  specimens,  each 
specimen  characterizing  a  stage  of  stiffness  reduction  and  associated 
damage.  These  specimens  were  both  nondestructi vely  and  destructively 
examined  by  methods  to  be  described. 


The  stop  and  go  tests  for  each  laminate  type  were  conducted 
first.  The  procedure  followed  in  both  series  was  in  fact  identical  in 


the  beginning  steps.  The  specimen  with  extensometer  tabs  attached  was 
aligned  in  the  testing  machine  and  the  extensometer  was  attached  using 
four  small  rubber  bands  looped  around  the  specimen  as  fasteners.  The 
extensometer  output  was  set  to  zero  and  the  specimen  was  slowly  loaded 
under  manual  control  to  a  tensile  load  of  1000  lbf  (4.45kN).  Load  and 
strain  were  recorded  by  a  two  channel  plotter  so  that  an  initial 
static  elastic  modulus  could  be  calculated.  The  specimen  was  then 
slowly  unloaded  to  zero  load  and  reloaded  manually  to  the  load  corre¬ 
sponding  to  the  maximum  fatigue  stress  amplitude  to  be  used.  Finally, 
the  specimen  was  unloaded  and  the  static  elastic  modulus  following 
this  fatigue  half-cycle  was  measured  as  initially.  The  procedure  is 
shown  schematically  in  Fig.  4. 

These  modulus  measurements  provided  a  means  by  which  initial  and, 
for  some  laminate  types,  substantial  stiffness  reductions  could  be 
measured  independently  of  the  dynamic  modulus  measurement  technique 
used  during  the  fatigue  test. 

At  this  point  the  data  acquisition  system  was  initialized  with 
specimen  dimensions,  calibration  factors  and  other  information 
required  for  control  of  calculation  and  output.  The  data  acquisition 
system  is  shown  schematically  in  Fig.  5,  It  consisted  of  a 
Z-80  microprocessor-based  micro-computer  with  a  CRT  input/output 
device  and  line  printer.  It  acquired  data  at  a  rate  of  333  samples 
per  second  and  provided  output  data  every  12  seconds. 

The  specimen  was  slowly  loaded  to  the  mean  cyclic  stress  and 
cyclic  loading  was  begun  at  R=1.0,  i.e.  a  small  variation  in  amplitude 
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Figure  5.  Data  Acquisition  and  Control  System. 


of  load.  The  span  (amax-am^n)  was  slowly  adjusted  until  the 

desired  a  and  R=0.1  were  achieved.  At  this  point  the  data 

max 

acquisition  system  was  instructed  to  begin  acquiring  data.  This 
gradual  fatigue  initiation  procedure  was  employed  to  avoid  the 
possibility  of  initial  specimen  overload  due  to  the  difficulty  of 

precisely  matching  preset  static  load  limits  to  the  dynamic  levels 
required.  The  procedure  required  approximately  30  seconds  or 
300  cycles  to  complete,  during  which  time  stiffness  data  were  not 
collected.  Examination  of  initial  rates  of  stiffness  reduction  for 

each  laminate  type  indicated  that  this  Interval  after  the  first  cycle 
was  not  a  significant  contributor  to  overall  measurement  error. 

Secant  modulus  reduction  (the  damage  analogue)  was  monitored  con¬ 
tinuously  during  the  tests  and  was  plotted  manually.  Initial  fatigue 
life  tests  had  indicated  that  for  each  laminate  type  the  shape  of  the 
dynamic  secant  modulus  versus  cycles  curve  was  characteristic  and 

generally  displayed  three  distinct  regions.  A  full  discussion  of  the 
implications  of  these  regions  is  central  to  the  interpretation  of 
damage  development  and  necessarily  will  be  deferred  to  a  subsequent 
section.  However,  inasmuch  as  the  procedures  followed  in  both  series 
of  fatigue  tests  were  based  on  this  behavior,  it  is  worthwhile  at  this 
point  to  define  those  regions.  Region  I  is  a  region  of  rapid  initial 
stiffness  reduction;  Region  II  is  an  intermediate  region  wherein  the 
stiffness  reduction  occurs  linearly  with  increasing  cycles;  and 
Region  III  is  a  region  of  final  rapid  stiffness  reduction  ending  in 
specimen  fracture. 


38 


It  should  be  noted  nere  that  stiffness,  which  is  a  material  pro¬ 
perty,  and  the  dynamic  secant  modulus,  which  is  a  property  determined 
by  the  dynamic  stress-strain  curve  are  not  one  and  the  same.  Stiff¬ 
ness  reduction  is  the  more  rational  damage  analogue;  secant  modulus 
change  is  simply  a  convenient,  measurable  related  quantity.  When 
static  stiffness  and  dynamic  secant  modulus  values  were  measured  at 
the  same  point  in  a  specimen's  fatigue  life,  the  dynamic  secant 
modulus  was  typically  higher  by  2.5  to  4.9  percent,  depending  upon  the 
laminate  type.  The  two  quantities  were  approximately  equal  for 
[0,902]s  laminates.  However,  differences  between  secant  modulus 
values  at  two  points  during  a  fatigue  test  did  not  differ  signifi¬ 
cantly  from  quasi-static  stiffness  variations  measured  between  the 
same  two  points.  Consequently,  when  difference  measurements  are 
described  and  discussed,  secant  modulus  changes  will  be  taken  to 
represent  stiffness  changes  unless  a  special  distinction  must  be  made. 

For  the  stop  and  go  series  of  tests,  the  specimen  was  cyclically 
loaded  until  the  stiffness  versus  cycles  curve  reached  the  apparent 
end  of  Region  I.  The  specimen  was  then  unloaded,  reloaded  to  1000  Ibf 
(4.45  kN)  and  unloaded  again  so  that  a  static  stiffness  measurement 
could  be  taken  for  comparison  with  the  dynamic  stiffness  data.  While 
at  the  load  of  1000  Ibf,  a  replica  was  made  of  each  edge  over  a  length 
of  1  in,  {25  mm)  near  the  specimen  center.  (The  replication  technique 
as  well  as  other  damage  evaluation  methods  discussed  will  be  described 
in  detail  in  a  subsequent  section  of  this  chapter.)  Following  repli¬ 
cation,  the  specimen  was  removed  from  the  testing  machine  and  prepared 


for  X-ray  radiography  by  the  introduction  of  an  X-ray  opaque  enhancing 
agent  along  the  edges.  Following  X-ray  radiography  and  a  low- 
temperature  heating  cycle  to  drive  off  the  enhancing  agent  liquid 
carrier,  the  specimen  was  returned  to  the  testing  machine  and  the 
fatigue  loading  procedure  was  repeated.  During  the  examination  phase, 
the  extensometer  mounting  tabs  were  not  removed.  Data  acquisition  and 
stiffness  monitoring  proceeded  until  the  next  selected  stiffness 
reduction  level  was  reached.  The  examination  procedure  was  then 
repeated.  This  stop  and  go  process  typically  continued  until  the 
specimen  failed  in  fatigue  and  stopping  points  were  chosen  frequently 
enough  that  each  region  of  damage  was  included. 

The  stop  and  go  series  of  tests  had  the  advantage  that  it 
provided  clear  evidence  of  damage  progression  in  a  given  specimen. 
This  information  was  particularly  useful  in  following  the  development 
of  certain  types  of  damage  such  as  longitudinal  splitting  and  delami¬ 
nation.  The  method  had  the  disadvantage  that  there  were  largely 
uncontrollable  extraneous  factors  involved  such  as  specimen  realign¬ 
ment,  extensometer  calibration  and  realignment,  cyclic  load  reinitia¬ 
tion,  introduction  of  a  foreign  substance  (acetone  for  replication  and 
an  enhancing  agent  for  radiography)  which  made  quantitative  interpre¬ 
tation  of  the  total  stiffness  reduction  and  damage  development  diffi¬ 
cult. 

For  this  reason  a  complementary  series  of  tests  was  conducted  for 
each  laminate  type  in  which  the  specimen  was  cyclically  loaded  until  a 
desired  level  of  stiffness  reduction  (and  by  implication,  damage 


development)  had  occurred.  At  that  point  the  specimen  was  subjected 
to  first  nondestructive  and  then  microscopic  analysis  but  was  not 


subjected  to  additional  fatigue  cycles  thereafter.  This  method 
required  that  a  fairly  large  number  of  tests  be  conducted  for  each 
laminate  type  to  provide  a  collection  of  damaged  specimens  which, 
taken  together,  were  representative  of  the  full  range  of  damage 
development.  Examination  and  analysis  of  damage  conditions  produced 
by  each  of  these  two  test  series  form  the  basis  of  this 
investigation.  In  the  following  sections,  details  of  the  techniques 
employed  in  these  tests  are  described. 

Edge  Replication 

Replication  is  a  technique  by  which  surface  topography  is  dupli¬ 
cated  and  made  permanent  in  another  medium.  It  has  bec.'t  used  for  a 
number  of  years  to  prepare  thick  specimens  for  transmission  electron 
microscopy.  Edge  replication  of  composite  specimens  has  been  employed 
with  considerable  success  in  the  study  of  ply  cracking,  delamination, 
and  0  degree  fiber  fracture  [60,63,66],  In  order  to  use  the  technique 
effectively  for  composite  materials,  the  specimen  edges  must  be 
polished.  The  polishing  procedure  followed  is  similar  to  that  used  in 
metallography.  Successively  finer  grades  of  abrasives  are  used  to 
produce  a  desirable  level  of  surface  smoothness.  For  this  study,  the 
abrasives  were  wetted  600  grit  silicon  carbide  paper,  followed 
by  5.0  ^  alumina  powder  on  a  wetted  felt  cloth  followed 
by  3.0  pm  alumina  powder  on  a  wetted  felt  cloth.  Each  specimen  edge 
was  polished  approximately  120  strokes  at  each  polishing  stage. 


reversing  the  polishing  direction  every  30  strokes.  The  specimen  was 
rinsed  thoroughly  between  stages  and,  because  the  specimens  were  thin, 
was  clamped  between  stiffener  plates  during  polishing. 

To  produce  a  replica  of  a  polished  edge,  a  piece  of  cellulose 
acetate  tape,  10  mils  in  thickness,  is  affixed  to  the  specimen  edge 
with  adhesive  tape.  A  small  amount  of  acetone  is  injected  between  the 
tape  and  specimen  and  the  tape  is  pressed  quickly  and  lightly  against 
the  specimen  edge.  The  acetate  tape  is  allowed  to  harden  for  approxi¬ 
mately  one  minute,  and  upon  removal  retains  a  permanent,  high  fidelity 
replica  of  the  edge  topography.  The  replica  is  then  mounted  and 
labelled  on  a  glass  plate  for  storage.  Examination  of  the  replica  can 
be  accomplished  in  several  ways.  One  means  is  by  use  of  a  microfiche 
reader.  When  the  glass  plate  containing  the  replica  is  inserted  into 
the  reader,  magnifications  on  the  order  of  23X  and  46X  are  provided. 
These  are  more  than  sufficient  to  distinguish  the  details  of  ply 
cracking  and  delamination  which  occur  at  the  edge.  In  addition, 
replicas  which  have  been  coated  with  a  thin  conductive  film  of  gold 
palladium  can  be  observed  at  higher  magnification  and  greater  depth  of 
field  in  a  scanning  electron  microscope.  This  method  provided  a  very 
useful  means  to  study  the  development  of  fiber  fractures  at  the  edge 
in  several  laminates. 

X-ra.y  Radiography 

X-ray  radiography  is  perhaps  the  most  widely  used  nondestructive 
evaluation  technique  aside  from  visual  inspection  for  material  charac¬ 
terization.  In  principle  it  provides  images  of  material  internal 
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structure  by  the  selective  absorption  and  transmis  ion  of  X-ray 
radiation.  Variations  in  X-ray  absorption  in  a  composite  material  can 
result  from  the  presence  of  voids,  cracks,  delaminations,  inclusions, 
or  manufacturing  flaws.  For  the  study  of  damage  development,  then,  it 
is  a  potentially  valuable  interrogative  tool.  However,  variations  in 
X-ray  radiation  absorptivity  among  the  classes  of  damage  and  defects 
mentioned  are  often  slight  and  difficult  to  resolve  in  the  X-ray 
image.  As  a  result,  it  has  become  common  practice  in  the  radiography 
of  composite  materials  to  apply  an  enhancing  agent  along  the  specimen 
edges.  There  are  a  number  of  these  agents  in  use  both  in  research  and 
commercial ly--tetrabromoethane,  diiodobutane,  diiodomethane,  and  zinc 
iodide  are  some  examples.  All  are  both  diffusive  and  opaque  to  X-rays 
and  consequently  appear  distinctly  in  X-ray  images.  However,  many  of 
these  agents,  including  the  first  three  listed  above,  are  derivatives 
of  halogenated  organic  compounds  and  are  quite  toxic.  Zinc  iodide, 
however,  is  not  toxic  to  humans  and  has  been  shown  to  compare 
favorably  with  other  enhancing  agents  in  both  penetration  and  opacity 
[91],  The  influence  of  zinc  iodide  on  the  mechanical  response  of 
graphite/epoxy  has  also  been  investigated  [91].  No  influence  was 
observed.  The  present  investigator  has  compared  the  effectiveness  of 
tetrabromoethane  and  zinc  iodide  and  found  no  observable  difference 
for  the  applications  required  in  this  study.  Consequently,  zinc 
iodide  was  chosen  as  the  enhancing  agent  for  all  radiography. 

The  zinc  iodide  solution  consisted  of  60  g  of  zinc  iodide,  10  ml 
of  water,  10  ml  of  isopropyl  alcohol  and  10  ml  of  Kodak 


"Photo-Flo  600"  as  a  wetting  agent.  Although  this  solution  is  quite 
diffusive  into  the  damage  regions  of  graphite/epoxy  material,  it  was 
found  that  infiltration  into  these  regions  could  be  measurably 
improved  by  applying  the  zinc  iodide  while  the  specimen  was  under  a 
tensile  load.  The  loading  served  to  reopen  off-axis  cracks  and 
provided  a  broader  channel  for  the  ingress  of  the  agent.  It  was  also 
found  that  penetration  was  improved  when  the  zinc  iodide  was  applied 
along  the  specimen  edge  with  the  specimen  in  a  horizontal  position. 
Both  were  accomplished  by  using  the  arrangement  shown  in  Fig.  6.  The 
specimen  was  clamped  in  the  loading  fixture  as  shown  with  one  specimen 
edge  uppermost.  The  specimen  was  then  loaded  to  approximately  300  lbf 
(1.3  kN).  Two  strips  of  adhesive  tape  extending  approximately  1/4  in. 
(6  mm)  above  the  edge  were  fastened  to  the  specimen  surfaces.  Plates 
were  clamped  over  the  tape  flush  with  the  edge  to  ensure  a  seal  with 
the  surface,  and  the  ends  of  the  tape  were  crimped  shut.  A  small 
amount  of  stopcock  grease  was  injected  at  each  end  to  provide  a 
viscous  plug.  The  channel  thus  formed  was  filled  with  zinc  iodide 
which  was  allowed  to  remain  at  least  30  minutes.  The  residue  was  then 
removed  and  the  surface  and  edges  were  cleaned  with  acetone  to  remove 
all  superficial  zinc  iodide  from  the  specimen. 

Radiographs  of  the  specimens  were  made  immediately  after  zinc 
iodide  treatment  using  a  Hewlett-Packard  Model  43805N  Faxitron  Series 
X-ray  unit.  The  nominal  f i lm-to-source  distance  was  18  in. 

(460  mm).  By  a  series  of  preliminary  trials,  the  optimum  operating 
voltage  for  the  laminates  used  was  found  to  be  25kV.  The  source 
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current  was  approximately  2.5  ma.  The  film  used  was  Kodak  Industrex 


R-type,  single  emulsion  and  high  resolution.  For  those  operating 
conditions,  exposure  times  were  0.45  minutes  for  the  6-ply  laminates, 
and  0.60  minutes  for  the  8-ply  laminates.  X-ray  negatives  were 
normally  used  for  analysis.  A  light  table  and  a  5X  magnifying  lens 
were  sufficient  for  preliminary  examination. 

Radiography  by  its  nature  produces  images  which  integrate  infor¬ 
mation  along  the  dimension  of  the  specimen  parallel  to  the  X-ray 
beam.  Hence,  interpretation  of  damage  existing  at  different  levels 
and  which  overlap  in  the  X-ray  image  is  difficult.  Moreover,  it  is 
not  normally  possible  to  associate  a  given  damage  condition  with  the 
ply  in  which  it  is  located.  This  deficiency  is  particularly  severe  in 
the  study  of  delamination  growth,  in  which  interface  location  is  of 
primary  interest. 

However,  the  method  of  stereo  X-ray  radiography  can  be  used  to 
effectively  resolve  radiographic  detail  through  the  specimen  thick¬ 
ness.  The  principle  involved  follows  directly  from  the  optical  ana¬ 
logue.  Because  of  the  unique  benefits  derived  from  its 
three-dimensional  image,  the  stereoptical  method  was  applied  to  nearly 
all  of  the  radiographs  made  during  this  investigation.  The  principle 
and  its  application  are  described  in  the  following  section. 

Stereo  X-ray  Radiography 


A  number  of  techniques  can  be  used  to  accomplish  the  three-dimen¬ 
sional  stereoscopic  effect  [92].  In  each,  two  images  of  the  specimen 
are  made,  one  differing  slightly  in  orientation  from  the  other.  When 


the  two  images  are  observed  independently,  one  image  to  each  eye,  the 
viewer  perceives  the  mi sorientation  as  an  indication  of  depth  and  can 
distinguish  "near"  from  "far"  detail.  The  principle  applies  whether 
the  images  are  photographic  or  radiographic. 

The  technique  chosen  for  this  work  to  provide  the  required  orien¬ 
tation  differences  was  that  of  specimen  tilt,  shown  schematically  in 
Fig.  7.  The  first  radiographic  image  is  made  with  the  specimen 
surface  normal  parallel  to  the  X-ray  beam.  The  specimen  rests 
directly  on  the  X-ray  film  and  the  image  is  true  size.  For  the  second 
image,  the  exposed  film  is  exchanged  for  an  unexposed  sheet  and  the 
platform  is  tilted  so  that  the  specimen  film  normal  is  rotated  through 
a  small  angle,  4>,  relative  to  the  X-ray  beam  axis.  The  second  expo¬ 
sure  is  made  in  this  rotated  orientation. 

The  angle,  <}>,  is  related  to  the  angle  formed  by  the  left  and 
right  eye  when  the  observer  is  viewing  an  object  at  a  fixed  distance-- 
the  smaller  the  angle,  the  greater  the  perceived  distance.  For  light 
stereoscopy  a  typical  choice  is  6  to  8  degrees.  For  radiographic 
stereoscopy  of  thin  specimens,  an  angle  of  approximately  15  degrees 
was  found  to  be  optimum.  The  value  itself  does  not  appear  to  be  cri¬ 
tical  although  significantly  larger  or  smaller  angles  can  produce 
image  distortion  or  result  in  eyestrain  in  viewing. 

For  the  purposes  of  this  work,  it  was  found  that  it  was  desirable 


to  incline  the  specimen  approximately  6  degrees  so  that  transverse 
cracks  which  otherwise  would  appear  as  edges  in  both  images  would  have 
a  small  aspect.  Details  of  these  cracks  in  the  radiographs  were 


thereby  enhanced.  The  fixture  used  to  accomplish  specimen  tilt  and 
rotation  was  locally  constructed  and  is  shown  in  Fig.  8.  Viewing  of 
the  stereoptical  pair  of  images  generally  requires  the  use  of  a  device 
which  confines  the  view  of  each  eye  to  one  image.  Some  of  the  devices 
are  quite  simple  and  provide  magnification  between  2X  and  4X.  Others 
are  more  complex  and  more  versatile.  For  viewing  stereoscopic  radio¬ 
graphs  used  in  this  investigation,  a  Bausch  and  Lomb  Versatile  Stereo¬ 
scope  Model  5399-8712  was  acquired.  This  instrument,  which  is 
normally  used  in  aerial  photogrammetry ,  provides  microscopic  stereo¬ 
scopy.  It  was  attached  to  a  Richards  Model  GFL  940-MC  light  table 
equipped  with  rails  which  provided  for  two  directions  of  translation 
of  the  instrument.  The  arrangement  is  shown  in  Fig.  9.  The  true  size 
radiographic  negatives  were  placed  on  the  light  table,  one  aligned 
with  each  of  the  instrument  prism  areas.  The  images  were  viewed 
through  binocular  eyepieces  and  aligned.  (A  small  silver  paint  dot 
was  placed  on  the  specimen  surface  prior  to  radiography  to  serve  as  an 
alignment  fiducial.)  When  alignment  was  achieved,  the  viewer  was 
provided  with  a  remarkable  perception  of  depth  in  which  the  relative 
position  of  dominant  features  in  the  image  could  be  resolved  without 
difficulty.  With  experience,  even  subtle  detail  could  be  resolved  in 
three  dimensions. 

With  alignment  achieved,  the  magnification  could  be  changed  and 
the  instrument  could  be  translated  to  different  regions  of  the  image, 
both  without  loss  of  the  three-dimensional  perception.  The  total 
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Figure  9.  Stereos 


range  of  magnification  was  7X  to  120X.  7X-10X  was  found  to  be  the 

optimum  magnification  range  for  thin  graphite/epoxy  specimens. 

Analysis  based  on  stereoscopic  observations  done  in  this  way  has 
one  disadvantage — the  stereoptical  images  cannot  be  simply  dis¬ 
played.  One  means  is  to  present  positive  images,  properly  aligned  for 
the  average  viewer's  interpupillary  distance  and  presume  that  the 
viewer  has  access  to  a  viewing  instrument.  It  has  been  the  author's 
observation  that  very  few  readers  satisfy  both  requirements.  There¬ 
fore  the  discussion  of  results  which  are  provided  in  the  following 
chapter  and  which  are  based  on  stereoscopic  observation  will  rely  on 
narrative  or  schematic  drawings.  However,  a  typical  stereo  radio- 
graphic  image  pair  is  presented  as  Fig,  10  to  illustrate  the  useful¬ 
ness  of  the  technique.  The  lefthand  image  was  made  at  a  specimen  ele¬ 
vation  of  6  degrees  from  horizontal  and  0  degree  tilt  angle.  The 
right  image  was  made  also  at  6  degrees  elevation  but  15  degrees 
tilt.  The  interpupillary  distance  is  fixed  at  2  9/16  In.  (65.1  mm), 
an  average  value.  Viewing  can  be  accomplished  by  an  Abrams  folding 
stereoscope  or  similar  device  or  by  placing  a  piece  of  cardboard  ver¬ 
tically  between  the  images  and  viewing  at  a  distance  of  8  to  10  in. 
(203  to  254  mm)  so  that  the  cardboard  prevents  each  eye  from  seeing 
more  than  one  image.  In  this  example  of  a  damaged  [0,902]s 

graphite/epoxy  specimen  the  dark,  horizontal  lines  are  transverse 
cracks  in  the  90  degree  plies  and  the  vertical  lines  are  longitudinal 
cracks  in  the  0  degree  plies.  The  reader  should  be  able  to  assign 
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each  of  the  longitudinal  cracks  to  the  "near"  ply  or  the  "far"  ply 
once  stereoptical  registration  is  achieved. 


It  is  commonly  assumed  that  penetration  of  X-ray  enhancing  agent 
into  interior  damage  requires  the  existence  of  a  continuous  path 
having  connectivity  with  the  edge  along  which  the  agent  is  applied. 
These  paths  typically  involve  the  off-axis  ply  cracks.  However,  it  is 
conceivable  that  some  interior  damage  might  lack  the  required  edge 
connectivity  and  hence  would  be  concealed  even  in  enhanced  radiographs 
if  this  model  is  correct. 

The  ability  to  observe,  for  the  first  time,  enhanced  radiographs 
both  microscopically  and  stereoptically  provided  some  insight  into 
this  question.  Although  most  of  the  enhanced  detail  could  in  fact  be 
associated  with  a  path  to  the  edge,  there  existed  some  details,  both 
flaw  and  damage,  which  appeared  even  at  high  magnification  to  be  com¬ 
pletely  isolated.  These  structures  were  typically  small  but  were 
nonetheless  wel 1 -enhanced  and  easily  resolved.  Isolated  cracks  as 
small  as  0.004  in.  (0,1  mm)  were  Identifiable. 

It  does  not  appear  then  that  edge  connectivity  is  a  necessary 
condition  for  damage  detection.  It  is  likely  that  at  least  for 
T300/5208  graphite/epoxy  laminates,  zinc  iodide  can  reach  interior 
damage  by  diffusion  through  the  resin  material.  Such  a  phenomenon 
greatly  extends  the  confidence  with  which  enhanced  radiography  can  be 
applied  to  damage  detection  and  characterization. 


None  of  the  available  NDE  methods  provided  information  about  dis¬ 
crete  fiber  fracture  in  the  interior  of  graphite/epoxy  specimens. 
Since  this  information  is  essential  for  the  complete  characterization 
of  damage,  a  destructive,  microscopic  technique  developed  by  Freeman 
[87]  was  employed.  In  this  technique,  the  specimen  is  heated  to  a 
temperature  sufficient  to  partially  pyrolyze  the  resin  matrix.  The 
interlaminar  bond  strength  is  thereby  diminished  to  the  extent  that 
the  individual  plies  of  the  laminate  can  be  separated.  For  T300/5208 
graphite/epoxy  material,  the  required  temperature  is  785°F  (418°C). 
The  time  required  depends  upon  the  laminate  thickness:  for  6-ply 

laminates,  23  minutes  was  used;  for  8-ply  laminates,  30  minutes.  The 
heating  was  accomplished  in  an  electric  tube  oven  in  an  argon  gas 
environment.  The  process  evolved  noxious  fumes  in  quantity  which  were 
evacuated  from  the  oven  and  vented  outside.  The  specimen  was  removed 
from  the  oven  after  the  required  time  and  allowed  to  cool  in  air. 
Using  a  small  knife  edge  and  probe,  the  individual  plies  could  then  be 
separated.  Sufficient  resin  material  remains  after  pyrolysis  to  hold 
the  plies  together  if  they  are  handled  carefully.  As  a  precaution,  a 
narrow  strip  of  adhesive  tape  was  applied  along  an  edge  of  each  angle 
ply  to  provide  reinforcement. 

Freeman  observed  that  the  introduction  of  an  enhancing  agent 
along  the  edges  of  a  specimen  prior  to  the  deply  procedure  served  to 
mark  regions  of  damage  for  visual  inspection,  much  in  the  manner  of 
X-ray  enhancement.  The  agent  which  he  used  and  which  was  also  used  in 
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this  investigation  was  gold  chloride  in  a  carrier  of  diethyl  ether.  A 
9.2  weight-percent  solution  was  made  and  applied  to  the  specimen  using 
the  same  load  fixture  and  technique  described  previously  for  X-ray 
enhancement.  The  solution  was  allowed  to  remain  on  each  edge  for  at 
least  30  minutes.  Prior  to  pyrolysis  the  specimen  was  heated  to  140°F 
(60°C)  for  one  hour  to  drive  off  the  carrier  residue  and  prevent  gas 
bubble  formation  during  the  higher  temperature  process. 

The  separated  plies  were  examined  by  two  means:  light  and  elec¬ 
tron  microscopy.  For  light  microscopy,  a  Bausch  and  Lomb  3X-30X  zoom 
microscope  was  used.  To  derive  the  maximum  benefit  from  the  presence 
of  the  enhancing  agent,  proper  illumination  was  critical.  Two  types 
of  illumination  were  required:  a  fluorescent  source  directed  normal 
to  the  fiber  direction  and  an  incandescent  source  approximately 
parallel  to  the  fiber  direction,  both  angled  obliquely  to  the  specimen 
surface.  When  the  proper  combination  of  illumination  is  achieved,  the 
gold  chloride  shines  brightly.  The  effect  is  particularly  pronounced 
for  cracks  and  delaminations.  Figure  11  shows  two  examples.  Figure 
11a  shows  the  gold  chloride  traces  on  the  0  degree  ply  of  a  fatigue 
damaged  [0,902]s  laminate.  The  traces  correspond  to  the  locations  of 
transverse  cracks  in  the  adjacent  plies.  Figure  lib  is  the  boundary 
of  a  delamination  developed  in  a  [0,90,±45]s  laminate  during  cyclic 
loading.  These  boundaries  were  used  to  measure  the  delaminated  area 
of  each  ply  as  part  of  an  analysis  described  in  Chapter  4. 
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The  second  method  of  observation  was  by  scanning  electron  micro¬ 
scopy  (SEM)  which  was  used  principally  to  study  the  details  of  fiber 
fracture.  Coupons  measuring  approximately  1/4  in.  (6  mm)  square  were 
cut  from  various  areas  of  the  deplied  laminae  and  mounted  with  double¬ 
sided  tape  on  1/4  in.  diameter  specimen  stubs.  A  thin  ribbon  of 
silver  paint  was  applied  at  the  perimeter  of  the  coupon  to  provide  an 
electrical  path  to  the  instrument  ground  in  order  to  minimize  electron 
charging.  Operating  at  15kV  accelerating  voltage,  it  was  found  that 
the  carbon  fibers  were  sufficiently  conductive  at  magnifications  up  to 
10.000X  that  it  was  not  necessary  to  coat  the  specimens  with  a  layer 
of  gold  palladium.  Working  magnifications  to  study  patterns  of  fiber 
breaks  was  200-40GX;  to  study  the  details  of  a  single  fiber  fracture, 
1000-2000X  was  required.  At  200X  magnification,  the  gold  chloride 
trace  was  not  as  evident  as  it  was  in  the  light  microscope  inasmuch  as 
the  apparent  interparticle  spacing  was  much  larger.  However,  once  the 
particles  had  been  identified  as  gold  chloride  by  an  energy  dispersive 
X-ray  analysis,  the  trace  of  these  particles  could  be  identified 
readily  at  the  lower  working  magnifications. 

Sectioning  Studies 

As  part  of  the  examination  of  particular  damage  conditions, 
several  sectioning  studies  were  undertaken.  The  principal  sectioning 
work  was  associated  with  the  investigation  of  the  nucleation  and 
growth  of  longitudinal  cracking.  Two  types  of  sections  were  used: 
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one  parallel  to  the  longitudinal  crack  and  one  normal  to  the  crack. 
For  the  normal  sections,  the  cutting  and  polishing  procedures  were 
identical  to  that  used  for  specimens  cut  from  plates.  Observation  was 
by  binocular  microscope,  metallograph,  and  scanning  electron  micro¬ 
scope.  For  the  parallel  sections,  coarse  polishing  with  wetted 
400  grit  silicon  carbide  abrasive  paper  was  used  to  remove  material  to 
within  1/8  in.  (3  mm)  of  the  longitudinal  crack.  Polishing  was 
continued  with  600  grit  abrasive  paper  until  the  delamination 
associated  with  longitudinal  cracks  intersected  the  section  surface. 
This  stage  is  shorn  schematically  in  Fig.  12.  At  that  point  a 
splinter  of  material  containing  one  surface  of  the  longitudinal  crack 
could  be  removed.  The  surface  was  then  sputter-coated  with  gold 
palladium  for  SEM  examination. 
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Figure  12.  Longitudinal  Crack  Sectioning  Schematic. 


IV.  RESULTS  AND  DISCUSSION 

One  of  the  challenges  of  reporting  experimental  observations  of 
fatigue  damage  is  to  provide  a  rational  structure  within  which  the 
discrete  modes  can  be  set  and  by  which  a  philosophy  of  fatigue  failure 
can  be  articulated.  It  is  the  purpose  of  this  chapter,  and  of  this 
investigation,  to  attempt  to  accomplish  the  former  and  In  doing  so  to 
assist  the  latter. 

It  is  first  necessary  to  define  what  shall  be  considered  fatigue 
damage.  For  the  purposes  of  the  analysis  to  be  presented  here, 
fatigue  damage  is  that  damage  which  develops  progressively  as  a  result 
of  cyclic  loading.  The  damage  modes  involved  are  not  necessarily 
unique  to  cyclic  loading,  for  matrix  cracking,  delamination,  fiber 
fracture,  and  other  modes  of  damage  also  occur  in  quasi -static 
loading.  What  distinguishes  the  two  Is  the  way  in  which  this  damage 
is  integrated  Into  a  state  unique  and  characteristic  of  fatigue.  For 
those  who  would  suggest  that  the  damage  events  are  the  same  from 
inciplency  to  failure  and  that  fatigue  failure  is  simply  static 
failure  delayed.  Figure  13  Is  offered  into  evidence.  The  three  photo¬ 
graphs  represent  three  specimens  of  graphite/epoxy  [0,902]5  laminates 
which  failed:  a)  in  quasi-static  tension;  b)  after  2,500  cycles  of 
ten  si  on -ten  si  on  cyclic  loading;  and  c)  after  70,000  cycles  of 
ten si  on -ten  si  on  cyclic  loading  at  the  same  amplitude.  Clearly  some¬ 
thing  Is  happening  to  the  material  to  progressively  degrade  its  inte¬ 
grity  over  an  Increasingly  large  region.  It  Is  this  damage  develop¬ 
ment  which  shall  be  of  Interest  here. 


61 


Extensive  experimental  and  analytical  treatments  of  the  charac¬ 
teristic  damage  state  which  develops  in  composite  materials  have 
established  that  It  develops  independently  of  load  history  [59,60]. 
This  shall  be  taken  as  the  context  for  defining  advanced  damage 
development-damage  which  develops  in  cyclic  loading  subsequent  to  the 
development  of  the  characteristic  damage  state. 

The  approach  to  the  discussion  of  results  in  this  chapter  will, 
therefore,  be  the  following:  (i)  to  establish  for  each  laminate  type 
the  characteristic  damage  state  to  serve  as  a  reference  in  describing 
advanced  damage;  (ii)  to  identify  and  define  advanced  damage  in  each 
laminate  type;  (Hi)  to  establish  the  damage  mode,  size  and  location 
in  terms  of  the  local  or  global  stress  state.  The  framework  for  the 
discussion  of  damage  in  each  laminate  type  will  be  its  stiffness 
reduction  behavior  In  fatigue.  An  early  observation  was  that  with 
each  laminate  type  there  was  associated  a  stlffness-versus-cycles 
relationship  which  was  repeatable  and  characteristic  of  the  laminate 
type  and  that  although  the  relations  differed  markedly  among  the  lami¬ 
nate  types,  each  was  distinguished  by  three  stages:  Stage  I,  a  rapid, 
initial  decrease  in  stiffness;  Stage  II,  a  larger,  intermediate  period 
of  approximately  linear  stiffness  reduction;  and  Stage  III,  a  final 
rapid  stiffness  decrease  ending  in  fracture. 


[0,90^  Laminate  Type 
Overview 

The  maximum  cyclic  stress  amplitude  for  all  tests  was  0.70 
Suit»  Figure  14  shows  the  stiffness  reduction  curve  for  a  typical 
[0,902]s  specimen.  The  shape  of  the  curve  for  short  life  and  long 
life  tests  are  similar  and  varies  little  in  form  from  specimen  to 
specimen.  Stages  I,  II,  and  III  are  marked  on  the  figure.  The  asso¬ 
ciation  of  primary  and  secondary  damage  modes  can  perhaps  best  begin 
with  the  results  of  a  stop  and  go  test.  Figure  15  shows  a  series  of 
edge  replicas  taken  at  various  points  during  the  fatigue  life  of  one 
specimen.  Pigure  15(a)  shows  the  edge  condition  at  the  end  of  one 
cycle.  Thin  horizontal  lines  extending  across  the  width  are  trans¬ 
verse  cracks  in  the  90  degree  pi cS.  Figure  15(b)  was  made  at  the  end 
of  1400  cycles  and  a  1  percent  stiffness  reduction.  The  beginnings  of 
several  delaminations  in  the  0/90  degree  interfaces  at  several  of  the 
transverse  crack  tips  can  be  seen.  Figure  15(c)  was  made  at  the  end 
of  22,000  cycles  with  a  3  percent  stiffness  reduction.  The  delami¬ 
nation  at  the  right  surface  of  the  specimen  has  become  complete  and 
has  caused  separation.  The  width  dimension  of  this  delamination  is 
quite  small  (less  than  the  specimen  thickness).  The  tensile  inter¬ 
laminar  normal  stress,  a  ,  at  the  edge,  and  a  tensile  stress,  a  ,  in 

2  y 

the  0  degree  plies  which  promotes  longitudinal  crack  growth  in  those 

plies  frequently  combine  to  produce  edge  delaminations  in  the  [0,902]s 
laminate  type. 
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Comparing  this  figure  to  Figure  15(b),  it  is  notable  that  the 
number  of  cracks  has  not  increased.  In  fact,  at  this  point  the 

specimen  has  achieved  the  characteristic  damage  state  crack  spacing  of 
0.026  in.  (0.67  mm)  predicted  by  the  one-dimensional  shear  lag 

analysis  of  Reifsnider  [88],  and  no  additional  cracks  would  be 
expected  to  form.  Figure  16  shows  the  opposite  edge  of  the  same 
specimen  at  higher  cycles.  Figure  16(a)  corresponds  to  181,000 
cycles,  5.3  percent  stiffness  reduction.  Delaminations  are  seen  to 
extend  from  most  transverse  crack  tips  and  on  the  left-hand  side  are 
seen  to  have  joined  together.  At  258,000  cycles,  7.7  percent  stiff¬ 
ness  reduction  (Fig.  16(b)),  damage  is  severe  but  appears  to  have 

achieved  a  saturation  condition  along  the  edge.  The  specimen  failed 

at  287,000  cycles,  with  a  10.4  percent  stiffness  reduction. 

Figure  17  shows  a  stop  and  go  series  of  X-ray  radiographs  for 

another  [0,902]s  specimen.  X-rays  were  penetrant-enhanced  as 
described  in  Chapter  III.  Figure  17(a)  shows  the  virgin  specimen  as 
fabricated.  Seme  porosity  is  visible  at  the  specimen  edges.  The  dark 
dot  at  the  center  of  one  edge  is  a  silver  paint  fiducial  mark  used  for 
stereoptical  alignment.  Figure  17(b)  is  the  same  specimen  after 
26,000  cycles,  3  percent  stiffness  reduction.  The  dark,  horizontal 
lines  reaching  from  edge  to  edge  are  transverse  cracks  in  the 
90  degree  plies.  Their  edge-to-edge  continuity  is  evidence  that  crack 
development  observed  at  the  edge  is  also  representative  of  the 
interior  condition.  Measurement  of  crack  spacing  in  the  radiograph 


confirms  the  CDS  prediction 
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The  long,  vertical  lines  are  longitudinal  cracks  in  one  or  the 
other  of  the  0  degree  plies.  These  cracks  are  not  of  equal  length, 
some  being  considerably  larger  than  others.  The  stereoptical  tech¬ 
nique  makes  assignment  of  these  cracks  to  the  plies  in  which  they  lie 
a  simple  matter.  The  two  dark,  rectangular  shapes  in  this  radiograph 
and  the  one  adjacent  to  it  are  images  of  the  extensometer  mounting 
tabs.  Figure  17(c)  shows  the  specimen  at  71,000  cycles  with  a  7  per¬ 
cent  stiffness  reduction.  The  average  spacing  between  adjacent  cracks 
has  not  changed  from  the  previous  radiograph;  both,  in  fact,  corre¬ 
spond  to  the  predicted  CDS  spacing.  A  notable  feature  of  the  third 
radiograph  is  the  increased  density  and  length  of  the  longitudinal 
cracks.  Some  extend  nearly  the  full  length  of  the  specimen  and  growth 
of  individual  cracks  can  be  clearly  seen  by  comparison  with  the 
previous  radiograph.  When  the  radiographs  are  viewed  stereoptical ly, 
the  number  of  longitudinal  cracks  is  seen  to  be  approximately  evenly 
divided  between  the  0  degree  plies. 

Less  obvious  detail  also  appears  in  Figure  17(c).  Associated 
with  many  of  the  longitudinal  cracks  are  small,  halo-like  struc¬ 
tures.  An  arrow  points  to  one  in  the  radiograph.  Each  of  these 
structures  appears  to  be  bisected  by  the  longitudinal  crack  and  upon 
stereoptical  examination,  each  is  seen  to  reside  at  a  0/90  degree 
interface.  By  comparing  these  details  with  enhanced  radiographs  of 
specimens  containing  edge  delaminations,  it  was  determined  that  these 
structures  are  interior  delaminations. 
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Also  of  interest  in  Figure  17(c)  are  the  delaminations  at  each 
edge.  They  '  also  observed  in  edge  replicas.  However,  they  are 
confined  in  the  [0,902]s  laminates  to  a  boundary  layer  along  the  edge 
having  a  width  approximately  equal  to  the  laminate  thickness. 

'*  specimen  for  which  this  series  of  radiographs  was  made  failed 
at  75,000  cycles  with  no  additional  stiffness  reduction.  With  this 
initial  characterization  to  provide  an  overview  of  damage  development 
in  the  [0,902]s  laminate  type,  the  details  of  the  damage  and  an  asso¬ 
ciation  of  the  damage  with  the  regions  of  stiffness  reduction  in  which 
the  damage  modes  are  predominant  will  be  considered  next. 

Stage  I 

Figure  18  shows  an  edge  replica  of  a  [0,902]5  specimen  at  the  end 
of  50,000  cycles  with  a  measured  stiffness  reduction  of  2.4  percent 
corresponding  to  approximately  the  end  of  Stage  I  in  the  charac¬ 
teristic  curve.  The  transverse  crack  spacing  corresponds  to  the 
characteristic  damage  state.  Some  incipient  dolamination  growth  is 
observed.  Figure  19  is  the  Stage  I  portion  of  the  stiffness  reduction 
curve  for  the  same  specimen.  Also  included  is  a  plot  of  crack  density 
taken  from  replicas  made  at  intermediate  stages.  Approximately  one- 
half  of  the  transverse  cracks  vhich  ultimately  form  in  these  laminates 
do  so  in  the  first  cycle  for  the  load  levels  used.  As  noted  in 
Chapter  3,  the  procedure  used  for  starting  each  fatigue  test  inevi¬ 
tably  resulted  in  the  loss  of  initial  stiffness  reduction 
information.  By  measuring  static  stiffness  changes  at  the  beginning 
of  a  number  of  tests,  it  was  found  that  the  average  stiffness  deficit 


NORMALIZED  SECANT  MODULUS 
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was  4.5  percent.  Thus  the  total  stiffness  reduction  in  this  specimen 
was  approximately  6.9  percent. 

Can  this  stiffness  reduction  be  explained  in  terms  of  the  forma¬ 
tion  of  transverse  cracks  alone?  The  answer  is  provided  by  the 
classical  laminated  plate  theory.  The  longitudinal  stiffness  of  an 
undamaged  [0,902]s  "'agnate  is  calculated  to  be  7.88  x  103  ksi 
(5.43  x  104  MPa)  based  on  the  following  nominal  lamina  properties  of 
T300/5208  graphite/epoxy  material: 

Ex  =  2.055  x  104  ksi  (14.2  x  104  MPa) 

E2  =  1.48  x  103  ksi  (10.2  x  103  MPa) 

v12  =  ^*3^ 

Gi  o  =  8.71  x  102  ksi  (  6.0  x  103  MPa) 


If,  for  saturation  cracking.it  is  assumed  that  the  longitudinal  stiff¬ 
ness,  E2f  and  the  shear  modulus  Gi 2  are  reduced  to  zero  and  if  these 
discounted  properties  are  used  in  the  laminated  plate  theory,  then  the 
predicted  laminate  stiffness  becomes  6.89  x  103  ksi  (4.75  x  104 
MPa).  The  laminate  stiffness  reduction  due  only  to  saturation 
cracking  of  the  90  degree  plies  is  thus  12.6  percent.  This  is  more 
than  sufficient  to  account  for  the  measured  stiffness  reduction  of 
6.9  percent.  The  fact  that  it  is  substantially  more  can  be  attributed 
to  the  fact  that  transverse  cracking  reduces  the  load-carrying 
capacity  of  those  plies  only  in  a  local  region  adjacent  to  the 
cracks.  The  material  between  adjacent  cracks  outside  of  these  relaxed 
zones  is  capable  of  carrying  some  load  and  hence  contributing  to  the 


laminate  stiffness.  For  example,  if  saturation  cracking  is  assumed  to 
reduce  the  longitudinal  stiffness  of  the  90  degree  plies  to  one-half 
of  the  undegraded  value,  then  the  laminate  stiffness  becomes  7.38  x 
10^  ksi  (5.09  x  10^  MPa)  and  the  calculated  stiffness  reduction  is 
6.3  percent.  Inasmuch  as  the  measured  stiffness  reduction  is  acquired 
over  a  two  inch  gage  length  and  is  certainly  "global"  when  compared  to 
the  spacing  of  the  approximately  80  cracks  which  are  included  therein, 
the  total  discount  scheme  can  be  expected  to  provide  an  upper  bound  on 
the  actual  stiffness  reduction. 

Other  damage  at  this  stage  is  relatively  minor.  Some  small  dela¬ 
minations  confined  to  a  boundary  layer  along  the  edge  are  observed. 
These  delaminations  actually  appear  to  mark  the  beginning  of  Stage  II 
damage. 

Stage  II 

Figure  20  is  an  edge  replica  made  of  another  specimen  at  the  end 
of  73,000  cycles  with  a  4  percent  stiffness  reduction,  corresponding 
to  approximately  the  end  of  Stage  II  in  the  characteristic  curve.  A 
delamination  running  the  full  length  of  one  of  the  0/90  degree  inter¬ 
faces  is  observed  as  well  as  an  incipient  delamination  at  the  other 
interface.  Such  delaminations  are  frequently  observed  to  be  connected 
to  transverse  cracks.  Upon  close  Inspection,  it  appears  that  the 
transverse  cracks  make  a  90  degree  "turn"  at  the  interface.  Such  a 
phenomenon  is  not  unexpected  for  a  crack  confronted  by  the  very  steep 
gradient  of  stiffness  and  strength  presented  by  the  fibers  of  the  0 
degree  plies.  Although  analysis  of  the  complex  stress  state  about  the 


crack  tip  in  a  nonuniform  medium  is  outside  the  scope  of  this  work,  it 
has  been  shown  [93]  that  a  crack  growing  into  a  positive  strength 
gradient  will  divert  laterally.  In  a  [0,902]s  laminate,  this  diverted 
path  takes  the  crack  through  a  resin-rich  zone  at  the  0/90  degree 
interface,  a  region  notably  low  in  strength.  The  growth  of  the  dela¬ 
mination  along  the  edge  is  aided  by  a  tensile  interlaminar  normal 
stress,  az  (see  Fig.  1).  However,  sectioning  studies  show  that  the 
growth  of  these  delaminations  across  the  width  is  limited  to  a  dis¬ 
tance  approximately  equal  to  the  laminate  thickness.  Figure  21  shows 
radiographs  of  sections  cut  from  the  edges  of  a  [0,902]s  laminate 
after  400,000  cycles.  The  orientation  is  the  same  as  that  used  for 
replicas,  with  horizontal,  dark  lines  being  transverse  cracks  and  ver¬ 
tical  lines  being  delaminations  in  the  0/90  degree  interfaces. 

Figure  21(a)  shows  a  thin  section  taken  from  the  edge  of  tne  specimen 
and  having  a  depth  dimension  (normal  to  the  photograph)  equal  to  the 
laminate  thickness,  approximately  0.034  in.  (0.86  mm).  Figure  21(b) 
is  a  section  of  the  same  dimension  removed  from  the  same  side  of  the 
specimen.  Together  they  show  successive  views  of  first  the  original 
and  then  an  exposed  edge.  The  sectioning  arrangement  is  shown  schema- 
tical ly  in  Fi g.  21(c) . 

Examination  of  the  sections  shows  that  the  delaminations  are 
clearly  associated  with  cracks  and  are  often  single-branched. 
Comparison  between  Figs.  21(a)  and  21(b)  shows  that  although  some  evi¬ 
dence  of  delamination  exists  at  the  specimen  interior,  the  extent  is 
diminished  markedly  over  a  quite  small  distance. 


SECTION  2 


Figure  21.  Sectioning  Schematic  (Cont'd.) 


The  observations  regarding  edge  delamir.ations  in  this  type  of 
laminate  suggest  that  they  are  nucleated  by  the  turning  of  transverse 
cracks  for  which  the  preferred  self-similar  path  is  thwarted  by  a 
steep  material  property  gradient  existing  near  the  0/90  degree 
interface  and  that  their  growth  along  the  interface  is  assisted  by  the 
presence  of  a  tensile  interlaminar  normal  stress.  The  fact  that  both 
the  interlaminar  stress  and  the  observed  edge  delaminations  are 
confined  to  narrow  boundary  layers  of  approximately  the  same  width 
dimension  suggests  that  the  roll  of  transverse  cracks  in  the  formation 
of  these  delaminations  is  that  of  an  aid  but  not  a  primary  driver. 

Figure  22  is  a  radiograph  of  a  specimen  at  the  end  of  Stage  II. 
Aside  from  the  transverse  cracks,  the  dominant  structures  are  longi¬ 
tudinal  cracks.  These  cracks  are  present  in  Stage  I  but  are  few  in 
number  and  small  in  length.  During  Stage  II  damage  development  both 
measures  increase.  They  exhibit  a  fatigue  character  on  a  macroscopic 
scale,  growing  slowly  and  stably  with  increasing  cycles.  As  will  be 
seen  from  the  discussion  of  Stage  III  damage  development,  this  growth 
is  not  complete  at  the  end  of  Stage  II.  But  because  the  formation  of 
transverse  cracks  is  complete  at  the  beginning  of  Stage  II  and  other 
damage  modes  are  only  moderately  active  at  this  stage,  longitudinal 
cracking  predominates. 

The  key  to  understanding  the  formation  and  growth  of  longitudinal 
cracks  in  0  degree  plies  in  tensile  loading  lies  in  the  stress  state 
in  that  ply.  For  a  uniaxial  load  in  the  x-direction,  the  transverse 
stress,  a  ,  in  the  y-direction  is  strongly  tensile,  owing  to  the 


Figure  22.  X-ray  Radiograph  of  a  [0, 902 js  Laminate  at  Stage  II. 


magnitude  of  the  Poisson  mismatch  between  the  0  degree  ply  and  the 
adjacent  90  degree  plies.  The  transverse  strength  of  the  0  degree 
plies,  however,  is  low.  In  fact,  at  the  maximum  operating  stress 
levels  used  for  this  laminate  type,  the  oy  stress  is  approximately 
equal  to  the  static  transverse  strength  of  the  0  degree  ply.  However, 
the  interlaminar  constraint  condition  prevents  complete  cracking  on 
the  first  cycle. 

The  growth  of  longitudinal  cracks  is  qradual  with  continued 
cyclic  loading.  To  examine  the  fatigue  nature  of  this  growth,  several 
damaged  specimens  judged  to  be  in  a  Stage  II  or  Stage  III  condition 
were  sectioned  to  expose  the  longitudinal  crack  surface.  Figure  23  is 
an  SEM  photograph  of  one  such  surface.  The  fibers  are  oriented  hori¬ 
zontally  in  the  photograph  and  are  sheathed  in  resin.  Although  poly¬ 
mers  do  not  typically  exhibit  the  striations  which  characterize 
fatigue  fracture  surfaces  in  metals,  the  character  of  this  surface  was 
seen  to  be  distinctly  different  from  the  appearance  of  a  transverse 
crack  surface,  shown  in  Fig.  24.  In  this  material,  transverse  cracks 
grow  nearly  instantaneously  and  produce  a  brittle,  glass-like  quasi - 
cleavage  fracture  surface  having  characteristic,  overlapping  struc¬ 
tures,  sometimes  called  hackles  [55],  Comparing  Figs.  23  and  24,  the 
sharp  structures  seen  in  the  transverse  crack  are  present  but  smoothed 
in  the  longitudinal  crack,  suggesting  a  wearing  action  in  the  latter 
case.  Such  wear  might  be  expected  in  a  cyclic  load  from  the  clapping 
or  rubbing  together  of  the  crack  surfaces  after  the  crack  has  formed 
and  started  to  grow. 
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Besides  the  fatigue  aspects  of  longitudinal  crack  growth  which 
will  be  discussed  further  in  the  section  describing  Stage  III  damage 
development,  an  interesting  and  unexpected  phenomenon  was  observed. 
Figure  25  is  an  enlargement  of  a  portion  of  Fig.  22.  Of  interest  are 
the  dark,  halo-like  structures  associated  with  some  of  the  longi¬ 
tudinal  cracks.  Under  stereoptical  inspection,  each  of  these  struc¬ 
tures  is  seen  to  be  at  one  of  the  0/90  degree  interfaces  and,  by  com¬ 
parison  with  similar  radiographic  images  at  the  edges  of  other  lami¬ 
nate  types,  appears  to  be  a  delamination.  To  investigate  this  sus¬ 
picion,  sections  of  fatigue-damaged  specimens  in  which  longitudinal 
cracks  were  identified  were  prepared  such  that  the  plane  of  the  cut 
was  normal  to  the  0  degree  fiber  direction  and  placed  so  as  to  be 
adjacent  to,  but  not  intersecting,  the  longitudinal  crack.  The 
section  surface  was  then  abraded,  polished,  and  inspected  micro¬ 
scopically  in  a  repeated  cycle  until  the  end  of  a  longitudinal  crack 
was  encountered.  Figure  26  is  an  SEM  photograph  of  the  initial 
encounter  of  a  longitudinal  crack  in  a  0  degree  ply.  A  narrow, 
irregular  crack  through  the  full  ply  thickness  is  observed.  At  the 
interface,  the  crack  turns  downward  and  travels  along  the  resin-rich 
zone  at  the  interface.  (This  phenomenon  has  been  predicted  analy¬ 
tically  by  Nair  and  Reifsnider  [93],)  A  similar  crack  turning  is  fre 
quently  observed  when  cracks  in  90  degree  plies  meet  this  same  inter¬ 
face.  Followed  to  its  terminus,  this  interlaminar  crack  was  seen  to 
extend  a  distance  greater  than  four  times  the  0  degree  ply  thickness. 
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Figure  27  is  an  SEM  photograph  of  the  same  crack  at  a  parallel 
section  approximately  0.010  in.  (0.25  mm)  from  that  of  Fig.  26.  The 
longitudinal  crack  is  seen  to  be  more  widely  open  and  a  second  branch 
of  the  interlaminar  crack  is  evident.  The  interlaminar  crack  is  also 
wider.  Continued  section  studies  of  this  and  other  specimens  indicate 
that  the  opening  dimensions  of  longitudinal  cracks  and  associated 
delaminations  can  be  significant  when  compared  to  the  ply  thickness. 
Successive  parallel  sections  provide  a  picture  of  the  delamination  as 
a  domelike  structure  with  the  longitudinal  crack  as  its  apex. 

In  none  of  the  sections  examined  was  a  longitudinal  crack 
observed  which  did  not  extend  completely  through  the  0  degree  ply. 

This  was  true  of  both  incipient  and  well -developed  longitudinal 
cracks.  Moreover,  no  instance  was  observed  when  the  longitudinal 
crack  was  not  associated  with  an  interlaminar  crack.  There  appears 
then  to  be  a  rapid  or  instantaneous  nucleation  step  in  longitudinal 
crack  development  which  involves  simultaneously  the  nucleation  of  a 
deiaminatiori. 

Although  the  growth  of  longitudinal  cracks  can  be  attributed  to 
the  significant  transverse  stresses  which  act  on  the  0  degree  plies  of 
this  laminate  type,  the  nucleation  process  may  be  related  to  the  local 
stress  state  about  the  transverse  cracks  in  the  adjacent  90  degree 
plies.  Setting  aside  for  the  present  the  anisotropic,  inhomogeneous 
complexities  of  the  problem  and  treating  the  transverse  crack  as  a 
crack  in  the  infinite,  homogeneous  isotropic  plate  of  Fig.  28  and 
assuming  plane  strain  conditions,  the  stresses  in  the  neighborhood  of 
the  crack  tip  are  given  by  [94]: 


88 


These  equations  yield  tensile  stresses  for  each  of  the  stress  com¬ 
ponents  for  all  values  of  e  and  r  for  a  tensile  applied  stress,  a. 

Nair  and  Reifsnider  [93]  have  shown  by  an  approximate  solution  that 
the  stress  field  about  a  crack  tip  in  a  nonuniform  material  (spatially 
variable  mechanical  properties)  is  similar  in  form  to  that  given  by 
equations  (1)  and  that  for  a  positive  strength  gradient  at  the  crack 
tip,  the  stresses  are  tensile.  Such  a  positive  gradient  exists  at  the 
interfaces  of  fiber-reinforced  composite  materials. 

Figure  29  shows  the  implications  of  the  existence  of  a  tensile 
stress  Oj.  in  the  neighborhood  of  a  crack  in  the  90  degree  plies.  The 
material  adjacent  to  the  crack  tip,  in  the  0  degree  ply,  would  be  sub¬ 
jected  to  this  tensile  stress  in  its  lowest  strength  direction. 

Hence,  the  transverse  crack  can  be  considered  a  likely  site  for  the 
nucleation  of  longitudinal  cracks.  Examination  of  radiographs  in 
which  longitudinal  cracks  appear  ind<  ites  that  the  majority  of 
incipient  longitudinal  cracks  do  in  intersect  or  are  adjacent  to 
transverse  cracks. 

The  local  s.'°ss  nucleation  concept  can  be  applied  to  delami¬ 
nations  as  well,  as  Fig.  30  illustrates.  Here  the  local  tensile 
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Figure  29.  Zero  Degree  Stresses  in  the  Neighborhood  of  a 
Transverse  Crack. 


Figure  30.  Influence  of  Longitudinal  Crack  on  Interior 
Del  ami  nation  Formation. 


stress  condition  is  provided  by  the  longitudinal  crack.  The  tensile 
nature  of  the  stress  in  this  case  produces  an  out-of-plane  tensile 
stress  component,  ,  at  the  interface.  In  addition,  an  out-of¬ 

plane  tensile  stress  component,  ,  is  provided  by  the  transverse 
cracks.  At  intersections  of  these  cracks,  the  stresses  would  be  addi¬ 
tive  and  the  propensity  for  the  nucleation  and  growth  of  del aminaticns 
should  be  highest.  This  is  in  fact  observed  experimentally.  The 
centers  of  incipient  delaminations  frequently  coincide  with  crack 
intersections.  These  are  also  the  points  of  maximum  delamination 
open  in g. 

Delaminations  created  in  this  way  grow  in  size  only  moderately 
during  Stage  II  damage  development,  apparently  by  coalescence. 
However,  in  the  absence  of  a  global  driving  force,  for  example  inter¬ 
laminar  shear  or  normal  stress  components,  they  remain  a  local 
phenomena. 

Stage  III 

Figure  31  is  a  radiograph  of  a  specimen  made  at  the  end  of 
372,000  cycles  of  loading  with  a  5.1  percent  stiffness  reduction. 
This  stiffness  reduction  corresponds  approximately  to  Stage  III  in  the 
characteri Stic  curve.  When  compared  with  the  Stage  II  radiograph  of 
Fig.  22,  the  most  notable  difference  Is  the  increased  average  length 
and  density  of  longitudinal  cracks.  From  analysis  of  radiographs  mad* 
during  stop  and  go  fatigue  tests,  the  spacing  shown  in  Fig.  31  is 
found  to  represent  a  saturation  longitudinal  crack  spacing  of  approxi¬ 
mately  0.063  in.  (1.6  mm)  corresponding  to  16  cracks  per  in. 
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(0.62  cracks  per  mm).  The  spacing  was  determined  by  observing  and 
measuring  distances  between  adjacent  cracks  under  the  stereoptical 
microscope.  The  variation  in  spacing  is  similar  to  that  observed  for 
transverse  cracks.  In  fact,  the  rationale  for  predicting  the 
existence  and  measure  of  such  a  saturation  spacing  of  longitudinal 
cracks  is  identical  to  that  applied  to  the  characteristic  damage  state 
of  off-axis  ply  cracking.  That  is,  in  order  for  a  crack  to  be  formed 
between  two  existing  cracks,  the  stress  in  the  ply  must  attain  a  value 
exceeding  the  transverse  ply  strength.  However,  the  reintroduction  of 
stress  into  the  broken  ply  by  shear  transfer  from  neighboring  plies 
requires  a  minimum  distance  in  order  to  be  complete.  This  minimum 
distance  controls  the  saturation  spacing  of  cracks  which  corresponds 
to  the  characteristic  damage  state  for  matrix  cracking. 

Using  a  modified  one-dimensional  shear  lay  analysis,  Reifsnider 
[98]  has  predicted  a  longitudinal  crack  spacing  of  0.054  in.  (1.4  mm) 
corresponding  to  18.5  cracks  per  in.  (0.72  cracks  per  mm),  which  com¬ 
pares  favorably  with  the  measured  value  of  16  cracks  per  inch. 

The  longitudinal  stiffness  reduction  attributable  to  a  saturation 
condition  of  longitidunal  cracks  is  small:  0.5  percent  if  total  loss 
of  transverse  stiffness  in  the  0  degree  plies  is  presumed  in  the  lami¬ 
nated  plate  theory;  0.25  percent  if  a  50  percent  discount  of  trans¬ 
verse  stiffness  in  these  plies  is  presumed. 

Microscopic  examination  of  Fig.  31  shows  that  many  short,  longi¬ 
tudinal  cracks  exist  at  this  stage.  These  are  cracks  which  have  been 
nucleated  by  the  local  mechanisms  described  in  the  previous  section 
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and  which  continue  to  operate  in  Stage  III  but  which  cannot  grow  in 
the  relaxed  global  stress  field  created  by  the  growth  of  their  prede¬ 
cessors. 

The  growth  of  longitudinal  cracks  and  the  coalescence  of  delami¬ 
nations  associated  with  them  combine  to  produce  a  final  damage  mode 
characteristic  of  State  III  development--! ongitudinal  splitting.  The 
condition  is  shown  schematically  in  Fig.  32.  When,  delaminations 
coalesce  between  adjacent  longitudinal  cracks,  a  volume  of  fibers  in 
the  0  degree  ply  is  isolated  from  the  remainder  of  the  material.  Over 
the  length  of  the  joined  delaminations,  fibers  in  this  volume  have  no 
load-sharing  bond  with  either  the  adjacent  0  degree  fibers  or  the  90 
degree  ply  and  support  the  applied  load  in  parallel  but  independent  of 
the  rest  of  the  structure.  Fiber  fractures  in  this  volume  directly 
reduce  the  net  section  and  increase  the  stress  concomitantly  in  the 
remaining  fibers  of  the  volume.  As  will  be  shown  in  the  next  section, 
fiber  fractures  occur  fairly  frequently  in  this  laminate  type.  When 
the  accumulation  of  fiber  fractures  causes  the  net  section  stress  to 
exceed  the  net  section  strength,  then  failure  of  all  fibers  at.  that 
section  occurs  and  all  load-bearing  capacity  is  lost  in  that  volume. 

These  splits  frequently  occur  first  at  the  specimen  edge  when 
delamination  growth  is  driven  by  both  longitudinal  crack  and  edge- 
related  mechanisms.  Longitudinal  splits  are  observed  in  the  interior 
of  specimens  as  well.  In  both  cases  the  splits  often  have  substantial 
length.  In  preliminary  tests  with  this  laminate  type,  the  splits  were 
seen  to  frequently  initiate  at  the  gripped  ends.  However,  specimens 


which  !iad  thin  epoxy  layers  applied  at  the  ends  were  less  prone  to 
this  behavior.  It  appears  that  in  the  former  case,  the  net  section 
fiber  failures  which  initiated  the  splits  may  have  been  caused  by  the 
grips. 

Longitudinal  splitting  has  a  significant  effect  on  laminate 
stiffness  as  seen  in  Stage  III  of  the  characteristic  stiffness 
curve.  The  expected  contribution  can  be  simply  calculated  for  a  split 
having  a  width  equal  to  the  average  longitudinal  crack  saturation 
spacing,  0.063  in.  Assuming  *  Hn.^r  relationship  between  the  0 
degree  ply  longitidunal  stiffness  and  the  r.e*"  section  width,  one  can 
write  the  following  relationship. 


(2) 


where  Es  is  the  0  degree  ply  stiffness  reduced  ly  the  presence  of  a 
longitudinal  split  having  a  width,  Ws;  E0  is  the  initial  ply  stiff¬ 
ness;  and  W0  is  the  original  specimen  width.  In  this  example, 

Ws  =  0.063  i.u ,  W0  =  1  In.,  and  E0  =  2.055  x  104  ksi .  Es  is 
calculated  from  (2)  to  be  1.926  x  104  ksi  (1,328  x  10^  MPa).  Using 
this  value  in  a  laminated  plate  analysis,  the  reduced  laminate 
stiffness  is  found  to  be  7.658  x  10^  ksi  (5.280  x  10^  MPa).  Comparing 
this  value  to  the  original  laminate  stiffness  of  7.875  x  10^  ksi 
(5.430  x  104  MPa),  the  calculated  stiffness  reduction  due  to  the 
formation  of  a  longitudinal  split  is  2,8  percent. 


This  value  is  approximately  twice  the  average  observed  value  of 
approximately  1.5  percent.  The  difference  may  owe  to  the  fact  that  in 
reality  a  longitudinal  split  does  not  result  in  a  total  loss  of  stiff¬ 
ness  along  the  entire  length  of  the  specimen.  It  may  also  be  attri¬ 
buted  to  the  fact  that  the  process  of  delamination  coalescence  which 
precedes  longitudinal  splitting  may  occur  earlier  and  more  frequently 
between  closely-spaced  longitudinal  cracks,  yielding  generally  smaller 
splits  than  the  average  spacing  would  predict. 

In  summary,  fatigue  damage  development  in  the  [0,902]s  laminate 
type  can  be  characterized  as  follows:  In  Stage  I  the  predominant  mode 
is  transverse  cracking;  in  Stage  II,  longitudinal  cracks  nucleate  and 
grow  along  the  specimen  length  in  the  0  degree  plies  and  produce 
interior  delaminations  at  the  0/90  degree  interfaces;  in  Stage  III 
these  delaminations  coalesce  i  regions  between  longitudinal  cracks, 
isolating  small  volumes  of  material  in  the  0  degree  plies  which  become 
longitudinal  splits.  The  measured  stiffness  reductions  can  be 
accounted  for  by  the  contributions  of  the  predominant  damage  modes  in 
each  stage  of  damage. 


[0,±45]$  Laminate  Type 
Overview 

The  maximum  cyclic  stress  amplitude  for  all  tests  was  0.72 
Suif  Figure  33  shows  the  stiffness  reduction  curve  for  a  typical 
[0,±45]s  specimen.  Stages  I,  II,  and  III  are  marked.  Figure  34  shows 
a  series  of  radiographs  made  at  various  points  during  the  fatigue  life 


of  one  specimen.  Figure  34(a)  shows  the  virgin  specimen.  The  short 
diagonal  lines  above  and  below  the  fiducial  dot  at  one  edge  of  the 
specimen  correspond  to  seams  in  the  laminate  where  sections  of  the 
prepreg  tape  were  joined.  Since  the  tape  was  6  in.  wide  and  the 
specimens  we"e  8  or  9  in,  long,  such  seams  were  unavoidable.  Identi¬ 
fication  of  this  detail  as  a  seam  was  accomplished  by  deplying  virgin 
specimens  for  comparison  with  radiographs,  C-scans,  and  edge  micro¬ 
graphs  of  the  specimen.  In  each  case,  the  apparent  flaw  could  be 
associated  with  a  distinct  irregularity  in  one  of  the  deplied  laminae 
at  that  location.  The  Irregularity  frequently  was  a  disturbance  in 
the  fiber  alignment.  Misalignment  can  result  from  attempts  tc  force 
adjacent  ply  tapes  together  during  fabrication.  Misalignments  also 

were  observed  to  occur  in  the  prepreg  material  as  received,  likely  as 
a  result  of  the  fabrication  process.  Penetrant-enhanced  radiography 
and  ultrasonic  C-scans  proved  to  be  very  sensitive  to  these  struc¬ 
tures.  Fortunately,  In  most  cases.  Including  the  specimens  of 
Fig.  34,  these  flaws  were  not  sites  of  preferential  damage  growth  or 
failure.  The  practice  of  radiographing  virgin  specimens,  however, 
provided  a  basis  for  separating  such  defects  from  damage. 

Figure  34(b)  is  the  same  specimen  after  40,000  cycles  of  tension- 
tension  cyclic  loading,  resulting  in  4.9  percent  stiffness 
reduction.  Patterns  of  dark,  diagonal  lines  corresponding  to  cracks 
in  off-axis  plies  are  seen  to  have  formed.  The  darkest  lines  are 
those  running  from  top  right  to  bottom  left  diagonally  across  the 
width  of  the  specimen.  These  are  cracks  in  the  two  -45  degree  plies 


in  the  center  of  the  laminate.  A  companion  set  of  lighter  lines  can 
be  seen  running  across  the  width  on  the  opposite  diagonal.  Edge 
replicas  made  at  this  point  indicate  that  neither  of  these  ply  orien¬ 
tations  has  achieved  the  predicted  characteristic  damage  state  satu¬ 
ration  spacing  of  0,016  in.  (0.40  mm)  for  the  +45  degree  plies  and 

0.029  in.  (0.73  mm)  for  the  -45  degree  plies.  The  measured  stiffness 
reduction  of  4.9  percent  places  this  specimen  in  Stage  I  of  damage 
devel opment. 

Figure  34(c)  is  a  radiograph  of  the  same  specimen  after  114,000 
cycles  with  10.8  percent  stiffness  reduction.  The  density  of  both 
sets  of  off-axis  cracks  has  increased.  In  addition,  cracks  which  were 
seen  under  microscopic  examination  to  be  incompletely  developed  in 
Fig,  34(b)  are  now  seen  to  extend  fully  across  the  specimen  width. 
Finally,  narrow  longitudinal  cracks  are  seen  to  have  formed  at  both 
edges.  The  measured  stiffness  reduction  of  10.8  percent  places  this 
specimen  at  the  end  of  Stage  II  or  beginning  of  Stage  III  on  the 

characteristic  curve. 

details  of  the  damage  in  the  [0,±45]s  laminate  type  are 

considered  next. 

Stage  I 

Figure  35  is  a  portion  of  an  edge  replica  taken  at  the  end  of 
11,000  cycles  with  5.1  percent  stiffness  reduction.  The  measured 
crack  spacing  of  0.019  in.  (0.47  mm)  for  the  +45  degree  plies  and 

0.033  in.  (0.85  mm)  for  the  -45  degree  plies  are  81  percent  and 
100  percent  respectively  of  the  predicted  CDS  values.  There  is  little 


evidence  of  crack  coupling  or  edge  del amination  at  this  stage. 

Figure  36  is  a  radiograph  of  the  same  specimen  at  this  stage.  The 
developing  off-axis  cracks  are  seen.  Microscopic  examination  shows 
that  the  +45  degree  plies  are  significantly  more  segmented  than  are 
the  -45  degree  cracks.  There  are  perhaps  two  reasons  for  this. 
First,  the  +45  degree  ply  cracks  are  one  ply  in  thickness  while  the 
-45  degree  cracks  are  two  plies  thick.  Hence  the  crack  tip  stresses 
in  the  latter  case  would  be  expected  to  be  greater,  a  factor  in 
transverse  crack  growth.  Second,  although  the  transverse  stresses  in 
both  plies  are  comparable  from  laminated  plate  theory,  the  magnitude 
of  the  shear  stress  in  the  -45  degree  plies  is  approximately  1.5  times 
greater  than  the  shear  stress  in  the  +45  degree  plies.  To  the  extent 
that  crack  extensions  can  be  attributed  to  a  mode  II  mechanism,  this 

difference  would  favor  growth  of  cracks  in  the  -45  degree  plies  as  is 

observed. 

Stage  II 

Figure  37  is  a  portion  of  an  edge  replica  taken  at  the  end  of 
382,000  cycles,  with  an  8.2  percent  stiffness  reduction.  The  measured 
crack  spacing  of  0.018  in.  (0.46  mm)  for  the  +45  degree  plies  and 
0.030  in.  (0.76  mm)  for  the  -45  degree  plies  are  82  percent  and 
112  percent  respectively  of  the  predicted  CDS  values.  Except  for  the 
increased  crack  density  there  is  little  difference  to  be  observed  in 
comparison  to  Fig.  35.  Figure  38  is  a  radiograph  of  the  same 

specimen.  Nearly  all  of  the  -45  degree  ply  cracks  are  seen  to  extend 

completely  across  the  specimen  width.  Under  microscopic  examination, 


the  +45  degree  ply  cracks  have  the  appearance  of  the  drawing  in 
Fig,  39. 

Stage  II  in  the  [0,±45]s  laminate  types  is  perhaps  best  distin¬ 
guished  by  what  is  not  happening.  There  is  not  a  strong  interlaminar 
normal  or  shear  stress  condition  to  promote  edge  delamination  and  no 
apparent  internal  mechanism,  as  in  the  [0.9023s  case»  to  produce 

internal  delamination.  With  the  exception  of  narrow  delaminations 
associated  with  0  degree  ply  longitudinal  splits  which  occurred  at  the 
•'dge  of  some  specimens,  delamination  was,  in  fact,  not  observed  for 
this  laminate  type.  The  effect  on  stiffness  reduction  was  marked. 

Except  for  the  completion  of  off-axis  ply  cracking  during  Stage  II,  no 
additional  stiffness  reduction  damage  mode  was  operative  and  for 
several  specimens  there  was  no  further  measurable  reduction  in  stiff¬ 
ness.  This  is  somewhat  remarkable  inasmuch  as  Stage  II  often 
accounted  for  several  hundred  thousand  cycles  of  the  specimen  fatigue 
life. 

Stage  III 

Figure  40  is  a  portion  of  an  edge  replica  taken  at  the  end  of 
258,000  cycles  with  7.1  percent  stiffness  reduction.  There  is  some 
local  crack  coupling  to  be  noted  but  little  else  distinguishes  the 
edge  condition  from  preceding  damage  stages.  In  the  character i Stic 

curve.  Stage  III  is  distinguished  by  a  sudden  stiffness  reduction  of 

between  0.5  and  1.0  percent  terminated  by  failure  of  the  specimen. 

Figure  41  is  a  radiograph  of  the  same  specimen.  The  radiograph 
is  different  from  that  of  Stage  II.  Dark,  diagonal  structures  along 


both  +45  degrees  and  -45  degree  directions  are  seen  in  the  stereo 
microscope  to  be  relatively  large  angle-ply  cracks.  At  the  interfaces 
adjacent  to  these  cracks  are  seen  in  several  regions  numerous  micro- 
cracks  so  closely  spaced  that  they  almost  constitute  small 

delaminations.  The  microcrack  directions  are  aligned  with  the 
direction  of  fibers  in  their  plane.  Invoking  the  simple  LEFM  crack 
tip  stress  field  model  used  to  describe  longitudinal  crack  nucleation 
in  [0,902]s  laminates.  Figure  42(a)  shows  how  microcracks  in 
orthogonal  directions  might  form  at  the  interface  between  +45  degree 
and  -45  degree  plies  in  response  to  existing  cracks  in  those  plies. 
Such  a  model  would  also  predict  microcracks  at  the  0/+45  degree 
interface  in  the  manner  of  Figure  42(b).  Such  cracks  are  observed 
microscopically  as  well  as  macroscopical ly  in  the  radiograph  of 
Fig.  41. 

Is  this  damage  which  appears  to  be  characteristic  of  Stage  III 
sufficient  to  account  for  as  much  as  one  percent  stiffness 
reduction?  Using  the  laminated  plate  theory,  it  is  seen  that  the 
CO ,±45 ]s  laminate  stiffness  is  strongly  reacted  by  changes  in  the 
transverse  and  shear  moduli  of  the  angle  plies  and  essentially 
unaffected  by  changes  of  those  quantities  in  the  0  degree  plies.  For 
example,  if  these  moduli  are  considered  to  be  fully  discounted  when 
the  CDS  crack  spacing  is  achieved,  the  net  stiffness  reduction  is 
21  percent.  If  a  50  percent  discount  in  both  moduli  is  assumed,  then 
the  stiffness  reduction  is  10  percent,  approximately  that  which  is 
observed.  With  such  a  large  influence  on  longitudinal  stiffness,  any 
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damage  occurrence  which  would  alter,  even  in  a  small  or  local  way  the 
actual  stiffness  reduction  in  the  ply,  could  have  an  observable 
influence  on  the  measured  stiffness.  The  physical  evidence  of  addi¬ 
tional  ply  cracking  suggests  the  possible  existence  of  such  a 
mechanism  in  Stage  III.  However  the  difficulty  of  capturing  a 
[0,±45]s  specimen  in  Stage  III  has  prevented  the  elevation  of  this 
explanation  beyond  conjecture.  Specifically  unanswered  is  the  asso¬ 
ciation  of  the  rapid  rate  of  stiffness  reduction  observed  in  Stage  III 
with  the  rate  of  development  of  this  advanced  ply  cracking  damage. 

In  summary,  damage  development  in  the  [0,±45]s  laminate  type  can 
be  characterized  as  follows:  In  Stage  I,  the  predominant  mode  is 

cracking  of  the  +/-45  degree  plies.  This  process  is  relatively  slower 
than  for  the  [0,902]s  laminate  type  and  when  completed  yields  a  much 
higher  contribution  to  laminate  stiffness  reduction.  In  Stage  II, 
there  is  very  little  stiffness  reduction  observer  and  no  evidence  of  a 
predominant  damage  mode  This  stage  is  notable  for  an  absence  of 
delamination.  Stage  III  is  quite  abrupt  when  it  is  observed  and  of 
small  magnitude. 

[0,90,±45]s  Laminate  Type 
Overview 

The  maximum  cyclic  stress  amplitude  for  all  tests  was 
0.62  SL,^.  Figure  shows  the  stiffness  reduction  curve  for  a 
[0,90,±45]s  specimen  with  Stage  I,  II,  and  III  marked.  Figure  44  is  a 
series  of  radiographs  made  at  various  points  during  the  fatigue  life 


116 


of  one  specimen.  Figure  44(a)  shows  the  virgin  specimen.  Three  ply 
seams  are  observable,  one  in  each  of  the  inner  ply  directions.  As  in 
the  other  laminate  types,  these  structures  were  prominanc  in 
radiographs  and  C-scans  but  had  no  apparent  involvement  in  localizing 
damage  development  or  specimen  fracture.  Evident  also  along  the 
specimen  edges  are  web-like  structures  which  are  seen  stereoptical ly 
to  be  regions  of  porosity  existing  at  each  of  the  specimen 
interfaces.  They  exist  in  fact  throughout  the  specimen  but  are  not 
initially  reached  completely  by  the  zinc  iodide  X-ray  enhancing 
agent.  At  higher  magnification,  each  branch  of  the  porosity 
structures  is  seen  to  possess  a  dark  core  having  a  width  dimension  on 
the  order  of  the  carbon  fiber  bundle  diameter.  Examination  of  the 
graphite  epoxy  prepreg  tape  before  fabrication  and  of  deplied  laminae 
afterward  showed  that  these  core  structures  were  indeed  individual 
fiber  bundles.  It  appears  that  a  major  source  of  porosity  in  these 
specimens  are  misaligned  fiber  bundles.  These  individual  fiber 
bundles  become  pressed  between  plies  during  fabrication  and  form 
micro-delaminations  which  trap  gases  evolved  during  curing  which 
otherwise  would  escape.  Fortunately,  these  zones  of  porosity  appear 
to  be  benign  in  the  development  of  damage  in  most  cases.  However, 
when  porosity  intersects  the  edges  of  delamination-prone  interfaces  in 
the  [0,90,±45]s  laminates,  delamination  frequently  begins  at  those 
edges.  Figure  44(b)  is  the  same  specimen  after  32,000  cycles  of 
tension-tension  loading,  6  percent  stiffness  reduction.  Patterns  of 
ply  cracks  are  seen  to  have  developed,  most  prominant  those  in  the 


two-ply  thick-45  degree  plies.  Also  observed  are  incipient 
delaminations  at  both  edges.  The  largest,  to  the  right  of  the 
extensometer  mounting  tabs,  is  seen  upon  stereoptical  inspection  to  be 
at  one  of  the  0/90  degree  interfaces.  The  wide,  horizontal  lines 
between  the  mounting  tabs  are  fiducial  markers. 

Figure  44(c)  is  the  same  specimen  after  78,000  cycles  and 
18  oercent  stiffness  reduction.  Microscopically,  the  crack  density  in 
each  ply  is  seen  to  be  greater  than  in  Fig.  44(b).  However,  the  most 
dramatic  difference  lies  in  the  growth  of  delaminations  from  the 

specimen  edge  significantly  Into  the  inerior.  Stereoptical ly  these 
delaminations  are  observed  at  the  +45/-45  degree  Interfaces  as  well  as 
the  90/+45  degree  interfaces.  This  observation  was  confirmed  when 
this  specimen  was  deplied  and  the  gold  chloride  boundary  of  each  dela¬ 
mination  was  examined.  This  method  will  be  discussed  fully  in  a 
following  section. 

Figure  44(d)  is  the  same  specimen  in  the  same  condition  of  damage 

development  as  shown  in  Fig.  44(c).  However  the  radiograph  was  made 

ten  days  later.  Continuing  diffusion  and  evaporation  of  the  zinc 

iodide  mixture  has  caused  the  delamination  boundaries  to 
consolidate.  The  true  extent  of  the  delamination  is  more  easily  dis¬ 
tinguished  as  are  regions  of  delamination  overlap.  However  some  loss 
of  definition  of  the  angle  ply  cracks  Is  seen  to  have  occurred  during 
the  interval. 

Figure  45  shows  a  series  of  edge  replicas  taken  from  the  same 
specimen  at  various  stages  of  damage  development.  Figure  45(a)  shows 
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reduction.  Cracking  In  each  of  the  angle  plies  Is  observed  although 
none  has  reached  the  predicted  CDS  spacing.  Small  delamlnatlons  occur 
at  both  of  the  +45/-4S  degree  Interfaces.  A  large  delamlnatlon  Is 
observed  at  one  of  the  90/+45  Interfaces  which  has  joined  with  one  of 
several  crack-coupled  delamlnatlons  at  one  of  the  0/90  degree  Inter¬ 
faces.  At  60,000  cycles  and  10.4  percent  stiffness  reduction,  shown 
In  Fig.  45(b),  the  crack  density  in  the  90  degree  and  +45  degree 
plies,  and  more  gradually  in  the  -45  degree  plies  are  approaching  the 
CDS  condition.  The  coupled  delamination  has  grown  substantially  along 
both  the  0/90  degree  interface  the  90/+45  degree  Interface.  One  of 
the  +45/-45  degree  Interfaces  also  shows  substantial  growth  along  the 
edge.  Figure  45(c)  shows  the  edge  condition  at  78,000  cycles  with 
18  percent  stiffness  reduction.  Cracking  In  each  ply  Is  complete  at 
this  point  and  with  the  exception  of  crack  coupling,  particularly 
between  the  +45  degree  and  90  degree  plies,  the  picture  Is  not 
remarkably  different  from  that  of  Fig.  45(b). 

The  average  stiffness  reduction  exhibited  during  the  first  half 
cycle  for  the  [9, 90, *45]$  laminate  was  1.7  percent.  As  In  the  dis¬ 
cussions  of  the  previous  laminate  types,  this  amount  Is  not  reflected 
In  the  measurement  of  secant  modulus  reported  in  the  following 
sections  except  when  noted  In  calculations  Involving  delamination 


Stage  I 

Figure  46  shows  edge  replicas  made  at  the  end  of  30,000  cycles 
with  3.5  percent  stiffness  reduction  on  the  right  edge  (a),  and  on  the 
left  edge  (b).  Both  replicas  show  cracks  in  each  of  the  angle 
plies.  However,  the  right  side  replica  also  shows  the  beginning  of  a 
delamination  at  one  of  the  90/+45  degree  interfaces  which  has  coupled 
with  a  90  degree  crack  and  entered  the  0/90  degree  interface.  This 
asymmetry  of  delamination  incipiency  was  frequently  observed  and  may 
be  related  to  the  distribution  of  porosity  in  a  particular  specimen 
and  to  slight  loading  tr'  sal i gnments. 

Figure  47  is  a  radiograph  of  the  same  specimen.  The  planar 
extent  of  the  delamination  at  one  edge  is  evident.  The  dot  in  the 
center  is  a  fiducial  mark.  Extension  of  ply  cracking  across  the  width 
is  seen  to  be  incomplete  in  the  +45  degree  plies  and  to  a  lesser 
extent  in  the  -45  degree  and  90  degree  plies.  The  development  of  the 
CDS  crack  spacing  is  also  not  complete  in  any  ply,  although  as  Fig.  48 
shows,  a  substantial  portion  of  crack  formation  is  typically  complete 
at  this  point.  The  stiffness  reduction  observed  in  Stage  I  of  the 
[0,90,±45]s  laminate  type,  as  in  the  other  laminate  types  discussed 
previously  is  associated  principally  with  off-axis  ply  cracking,  i.e., 
with  the  development  of  the  characteristic  damage  state. 

Stage  II 

Figure  49  is  an  edge  replica  made  from  another  specimen  at  the 
end  of  326,000  cycles  with  13  percent  stiffness  reduction.  Off-axis 
cracking  is  essentially  complete  in  each  off-axis  ply.  Delamination 
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NORMALIZED  SECANT  MODULUS 


Figure  48.  Stiffness  Reduction  and  Crack  Development  in  a  [0,90, +45] 
Laminate. 
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Figure  49.  Edge  Replica  from  a  [0,90,+45]s  Laminate  at  Stage  II. 
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growth  is  apparent  by  comparison  with  Fig.  46.  Long  delaminations  are 
evident  at  both  90/+45  degree  and  +45/-45  degree  interfaces.  These 
and  smaller  delaminations  are  seen  to  cross  from  one  interface  to 
another  at  ply  cracks  to  involve  each  of  the  laminate  interfaces. 

Figure  50  is  a  radiograph  of  the  same  specimen.  Significant 

delamination  incursions  into  the  width  are  observed.  Some  asymmetry 
of  development  is  evident  but  both  edges  are  fully  involved.  By 
stereoptical  examination  of  this  radiograph,  the  widest  delaminations 
were  observed  to  be  in  the  90/+45  interfaces.  Smaller  but  substantial 
delaminations  were  also  observed  in  the  +45/-45  degree  interfaces. 
Little  dalamination  was  observed  at  the  0/90  degree  interfaces.  These 
assignments  of  delaminations  to  interfaces  were  verified  when  this 

specimen  was  deplied  for  additional  examination. 

It  was  noticed  in  this  specimen,  as  in  others,  that  delaminations 
typically  grew  first  along  the  length  quickly  and  then  across  the 

width  more  slowly.  The  rationale  for  such  behavior  lies  in  the  boun¬ 
dary  layer  isolation  of  the  interlaminar  stresses  which  provide  the 
initial  impetus  for  delamination  growth.  Once  the  delamination  has 
grown  along  the  length  in  response  to  these  stresses,  the  stress  state 
is  modified  by  the  damage.  The  free  edge  effectively  and  selectively 
moves  inward  and  with  it  altered  but  viable  interlaminar  stresses. 

Delamination  is  the  piedominant  damage  mode  observed  in  Stage  II 
for  the  [0,90,±45]s  laminate  type.  The  stiffness  reduction  curve 
associated  with  this  stage  is  approximately  linear.  Using  a  simple 
analysis  proposed  by  O'Brien  [62],  the  relationship  between 
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del  ami  nation  growth  and  stiffness  reduction  for  this  laminate  type  was 
examined  more  closely. 

In  principle,  the  analysis  is  the  rule  of  mixtures  for  laminate 
stiffness.  From  laminated  plate  theory,  the  undamaged  laminate  stiff¬ 
ness,  E|_MU  is  calculated.  Next,  a  complete  delamination  in  one  or 
more  interfaces  is  assumed.  Using  the  rule  of  mixtures  assumption 
that  the  sublaminates  formed  undergo  the  same  axial  strain  (but  not 
necessarily  the  same  transverse  strain),  a  fully  delaminated  stiffness 
E*,  is  calculated. 
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where  E|_^  is  the  original  laminate  stiffness.  In  terms  of  the  ratio 
of  total  delaminated  area.  A,  to  the  total  interfacial  area.  A*, 
equation  (4)  can  be  rewritten  as 
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Equation  (l>)  then  provides  a  means  by  which  observed  delaminations 
in  the  [0,90,±45]s  laminate  type  can  be  related  to  measured  stiffness 
reduction.  The  quantity  can  be  calculated  from  laminated  plate 

theory.  The  quantity  A*,  was  calculated  using  an  assumed  sublaminate 
development  shown  in  Fig,  51.  This  choice  was  based  on  the  experi¬ 
mental  observation  that  in  the  [0,90,±45]s  laminate  type,  negligible 
delamination  occurred  at  the  0/90  degree  interfaces.  In  order  to  cal¬ 
culate  the  delaminated  area  at  each  of  these  interfaces,  specimens 
repress  •  ach  tage  of  damage  development  were  treated  with  gold 

chlori>  and  deplied.  As  noted  in  Chapter  3,  under  proper  illumi¬ 
nation  conditions  the  gold  chloride  particles  marking  the  delamination 
boundaries  could  be  clearly  distinguished.  By  placing  a  sheet  of 
clear  plastic  film  over  the  ply,  the  outline  of  each  delamination  was 
traced  with  an  ink  mark1'-'  pen.  Figure  52  shows  the  set  of  delami¬ 
nation  tracings  from  a  typical  specimen.  The  interfacial  area,  A*, 
for  each  ply  was  equal  to  the  specimen  width  (1  in.)  times  the  exten- 
someter  gage  length  (2  in.  The  delamination  area  was  measured  with 


a  planimeter.  Three  measurements  of  each  delamination  were  made  to 
minimize  error  and  the  average  value  was  used.  Moreover,  since  two 
sets  of  delamination  tracings,  one  for  each  facing  ply,  were  made. 


gure  51.  Sublaminates  Resulting  from  Delamination  in  a  [0,90, +45] 
Laminate. 
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Figure  52.  Del  ami  nation  Boundaries  in  a  [0,90, +45]  Laminate. 
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Figure  52.  Deiamination  Boundaries  in  a  [0,90, +45]  Laminate 
(Cont'd.)  "  s 
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Figure  52.  Delamination  Boundaries  in  a  [0,90, +45]  Laminate 
(Cont'd.). 


each  delamination  area  was  actually  measured  twice.  The  value  used 
for  A,  the  delamination  area,  was  the  average  of  those  two  measure¬ 
ments. 

Table  V  summarizes  the  results  for  four  [0,90,±45]s  specimens  at 
various  stages  of  damage.  The  first  two  columns  identify  the  specimen 
and  condition.  The  third  column  shows  the  fraction  ef  the  total  sub¬ 
laminate  interfacial  area  which  was  delaminated.  The  fourth  column 
shows  the  reduced  laminate  stiffness  as  a  result  of  ply  cracking  and 
delamination.  The  quantity  AErel  in  the  next  column  represents  the 
percentage  of  stiffness  reduction  attributable  to  delamination 
alone.  The  next  column,  aE^.^,  represents  the  total  calculated 
stiffness  reduction  including  both  cracks  and  delaminations.  The  last 
column  shows  measured  values  of  the  total  stiffness  reduction.  The 
calculated  and  measured  values  were  taken  over  the  same  two  inch  gage 
length.  Agreement  between  the  calculated  and  measured  values  is  seen 
to  be  reasonably  good.  The  measurement  for  specimen  III--L-1-12 
(Stage  I  condition)  is  compared  to  a  calculated  value  of  laminate 
stiffness  based  on  a  fifty  percent  discount  of  transverse  stiffness 
and  shear  moduli  in  off-axis  plies  to  reflect  the  incomplete 
development  of  cracks  at  the  end  of  Stage  I.  All  other  calculations 
are  based  on  fully-discounted  off-axis  moduli. 

Figure  53  shows  the  relationship  between  measured  delamination 
size  and  measured  stiffness  reduction  due  to  delamination.  The  latter 
quantity  represents  the  difference  between  the  total  measured  stiff¬ 
ness  reduction  and  the  calculated  stiffness  due  to  ply  cracking.  The 


Table  5.  Calculated  and  Measured  Laminate  Stiffness  Reduction 
due  to  Ply  Crackinq  and  Del amination 
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Figure  53.  Stiffness  and  Delamination  Relationship  for  [0,90, +45] 
Laminates. 


rule  of  mixtures  prediction  is  also  shown.  Generally  good  agreement 
confirms  the  linear  relationship  between  stiffness  and  delamination 
size  for  the  [0,90,±45]s  type. 

Stage  III 

Figure  54  is  an  edge  replica  taken  from  a  specimen  after  177,000 
cycles  with  15  percent  stiffnt  s  reduction.  Long  edge  delaminations 
are  evident,  but  by  comparison  with  Fig.  49,  a  Stage  II  specimen 

replica,  no  significant  difference  in  the  edge  damage  condition  is 
observed.  The  damage  is  in  fact  growing  into  the  specimen  interior  as 
shown  in  Fig.  55,  a  radiograph  of  the  same  specimen.  Large  delami¬ 
nation  incursions  are  observed.  Stereoptical ly  they  can  be  placed  at 

the  90/+45  degree  and  +45/-45  degree  interfaces.  The  net  delamination 

for  the  specimen  is  approximately  19  percent. 

Figure  56  is  an  enlargement  of  the  central  portion  of  Fig.  55. 

Among  the  dark  lines  which  are  the  off-axis  cracks  can  be  seen  a  dense 
substructure  of  microcracks  aligned  with  the  principal  fiber  direc¬ 
tions.  Stereoptical  examination  of  this  and  other  Stage  III  radio¬ 
graphs  place  these  microcracks  at  or  near  ply  interfaces.  Moreover, 
the  majority  of  microcracks  at  a  given  interface  are  clustered  about 
the  ply  cracks  at  that  interface.  The  direction  of  the  microcracks 
appears  to  be  determined  by  the  fiber  direction  of  the  ply  in  which 
they  form.  Examples  are  shown  schematically  in  Fig.  57. 

The  appearance  of  microcracks  was  observed  to  a  lesser  extent  in 
the  other  laminate  types  and  the  same  local  tensile  crack  tip  stress 
field  model  previously  proposed  can  be  applied  as  well  to  this  case. 


The  principal  difference  among  the  laminate  types  is  the  higher 
density  of  mio/ocracks  observed  in  the  [0,90, ±45]$  case.  Close  exami¬ 
nation  of  radiographs  of  [0,90,±45]s  laminates  in  Stage  II  reveals  the 
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presence  of  some  microcracks.  However,  the  preponderance  of  these 
structures  appear  to  develop  during  Stage  III.  Their  role  in  global 
stiffness  reduction  is  not  likely  to  be  great.  7,,v.:r  maximum 
potential  contribution  would  be  to  complete  the  stiffness  reduction 
normally  attributed  the  saturation  condition  in  the  "macrocracks." 
Their  possible  effect  on  fiber  fracture  is  undetermined.  If  they 
occur  within  matrix  regions  between  adjacent  fibers  in  the  manner  of 
conventional  ply  cracks,  then  no  effect  would  be  expected.  However, 
if  they  occur  at  the  fiber/matrix  interface  and  are  thereby  distinct 
from  the  larger  ply  cracks,  then  the  local  effect  on  fiber  fracture 
might  be  significant. 

A  rapid,  large  decrease  ir  stiffness  in  Stage  III  was  observed  in 
every  test.  A  Dreliminary  suspicion  was  that  it  might  be  attributable 
to  fiber  fractures.  However,  this  intuition  was  not  supported  by 
fact,  as  will  be  discussed  in  a  following  section.  The  predominant 
damage  mechanism  in  Stage  III  is  the  continuation  of  delamination 
growth  from  Stage  II.  Treating  the  delamination  as  a  planar  crack, 
O'Brien  [62]  has  shown  that  the  concept  of  strain  energy  release  rate 
can  be  applied  successfully  to  describe  the  del  ami  nation  growth  rate 
during  fatigue  cycling.  Following  his  analysis,  the  strain  energy 
release  rate,  G,  in  a  body  containing  a  planar  flaw  of  area  A  is  the 
difference  between  the  rate  of  work  done,  dW/dA,  and  the  rate  at  which 
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the  elastic  strain  energy  is  stored  or  released,  dU/dA,  as  the  flaw 
area  increases. 


Then  the  fatigue  crack  law  can  be  equivalently  expressed  as 


dA 

W 


(12) 


Comparing  equations  (8)  and  (12)  it  is  seen  that  dA/dN  is  an  expo¬ 
nential  function  of  f.  .  As  noted  previously,  both  O'Brien's  work 
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and  the  current  results  show  that  delamination  area  and  laminate 
stiffness  are  linearly  related.  Hence 
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In  load-controlled  tests,  e  increases  monotonical ly  as  shown  in 

max 

Fig.  58.  Thus,  from  (14),  the  slope  of  the  E_  versus  JN  curve  for  a 
specimen  which  exhibited  edge  delamination  would  be  expected  to 
exhibit  a  progressively  more  negative  slope  in  the  regions  where 
stiffness  is  controlled  by  delaminations.  This  is  the  observed 
behavior  for  the  [0,90,±45]s  laminates  in  Stage  III  (See  Fig.  43). 


Fiber  Fracture 
Overview 

Discussion  of  fiber  fracture  has  intentionally  been  deferred  to 
this  point  so  that  the  matrix-dominated  damage  conditions  could  be 
developed  independently.  It  would  be  expected  that  fiber  fracture 
occurs  in  each  of  the  damage  stages  for  each  laminate  type.  How  it 
develops,  what  form  it  takes  when  it  develops,  and  whether  it  is  a 


predominant  damage  mode  in  terms  of  laminate  stiffness  reduction  will 
be  considered  in  the  next  sections. 

The  scanning  electron  microscope  was  the  principal  investigative 
tool  used  for  this  work.  Most  examinations  were  performed  on  coupons 
cut  from  deplied  laminae.  In  some  cases,  portions  of  edge  replicas 
were  examined  in  the  SEM  as  well  for  evidence  of  fiber  fracture.  The 
results  for  each  laminate  are  provided  next. 

[0,902]s  Laminate  Type 

The  initial  fiber  fracture  investigation  for  this  laminate  type 
was  motivated  by  the  observation  that  apparent  fiber  fractures  could 
be  seen  in  edge  replicas  taken  from  fatigue-damaged  specimens. 
Inasmuch  as  the  question  of  edge  involvement  in  fracture  initiation 
remains  unanswered,  this  was  viewed  as  a  fertile  area  in  which  to 
start.  By  sputter-coating  the  replicas,  they  could  be  viewed  in  the 
SEM  at  higher  magnification  tnan  was  otherwise  available.  The  reso¬ 
lution  of  detail  when  viewed  in  this  way  was  remarkable.  Two  things 
were  observed.  One  was  that  fiber  fracture  seen  at  the  edge  of 
0  degree  plies  frequently  occurred  in  clusters.  The  spacing  between 
clusters  was  on  the  order  of  the  transverse  spacing  and  between 
clusters  there  were  relatively  few  fiber  breaks.  The  clusters  were 
not  always  connected  to  or  even  adjacent  to  transverse  cracks. 
However,  when  there  was  a  connection  it  was  often  a  strong  one. 
Figure  59(a)  for  example  shows  a  transverse  crack  in  the  upper  portion 
of  the  photograph  growing  aggressively  into  the  0  degree  fibers  over  a 


significant  distance  from  the  crack  tip.  Figure  59(b)  shows  details 


of  the  crack  tip  incursion  into  the  0  degree  ply.  The  stairstep 
pattern  is  typical  of  other  cracks  and  other  specimens.  The  crack 
effectively  propagates  by  probing  along  the  fiber/natrix  interface 
until  a  fiber  weakness  is  found  and  exploited,  then  travels  along  the 
interface  again  as  the  process  is  repeated. 

Such  a  mechanism,  if  operative  across  the  width  of  the  specimen, 
could  account  for  localized  laminate  fracture.  To  examine  this  possi¬ 
bility,  a  1/16  in.  (1.6  mm)  section  was  removed  from  the  specimen  edge 
and  the  edge  was  repolished  and  replicated.  The  result  is  shown  in 
Fig.  60.  The  transverse  crack  is  the  same  one  as  In  Fig.  59.  However 
the  crack  has  not  grown  into  the  adjacent  0  degree  fibers.  Similar 
results  were  obtained  for  other  Interior  cracks.  Very  few  fiber  frac¬ 
tures  were  seen  and  transverse  cracks  did  not  show  deep  penetration 
into  the  0  degree  layer  in  the  Interior. 

Schulte  [63]  has  shov#i  In  fact  that  edge  fiber  fracture  in  this 
and  other  graphite/epoxy  laminates  is  substantially  diminished  at 
sections  only  a  few  fiber  diameters  from  the  edge.  The  effect  appears 
to  be  extremely  localized  and  may  be  related  to  damage  developed  in 
the  fibers  at  the  edge  during  cutting  and  polishing. 

Next  the  0  degree  plies  of  fatigue-damaged  [0,902]s  laminates 
were  examined  for  evidence  of  Interior  fiber  fractures.  Each  specimen 
had  been  examined  hv  nondestructive  means  as  described  previously  in 
this  chapter.  Coupons  measuring  approximately  1/4  in.  (6  mm)  square 
were  cut  from  each  of  the  deplied  0  degree  laminae  and  examined  in  the  t 
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scanning  electron  microscope  (SEM).  To  assure  that  the  process  of 
deplying  did  not  itself  produce  fiber  fractures,  a  virgin  specimen  was 
deplied  and  examined.  Figure  61  shows  the  result.  The  fiber  arrange¬ 
ment  does  not  show  evidence  of  disturbance  either  in-plane  or  out-of¬ 
plane,  Moreover,  fiber  fractures  are  not  observed.  In  fact  there 
were  almost  no  fiber  fractures  evident  in  any  of  the  virgin  specimen 
coupons  examined.  This  observation  in  itself  is  notable.  In  discus¬ 
sions  of  fiber  fracture  in  the  literature  it  is  frequently  assumed 
that  the  laminae  in  a  fabricated  plate  exhibit  a  distribution  of  fiber 
fracture  which  are  inevitably  produced  as  a  result  of  the  fabricati  n 
process.  O'Brien  [99]  has  shown  this  to  be  the  case  in  boron/epoxy 
laminates  by  a  process  of  acid  leaching  the  matrix  to  expose  the  boron 
fibers.  This  does  not,  however,  appear  to  be  true  of  graphite/epcxy 
material  fabricated  in  the  manner  described  in  Chapter  3.  That  this 
fact  has  not  previously  been  recognized  can  be  attributed  to  the  lack 
heretofore  of  a  capability  for  directly  observing  fibers  in  laminated 
plates  in  situ.  The  deply  technique  can  now  serve  that  purpose  quite 
adequately. 

Deplied  0  degree  laminae  from  fatigue-damaged  [0,9C>2]S  laminates 
were  examined  next.  For  specimens  in  Stages  I,  II,  and  III  of  damage 
development,  numerous  fiber  fractures  were  observed.  These  fractures 
were  observed  to  have  a  distinct,  consistent  pattern,  shown  schema¬ 
tically  in  Fig.  62.  Zones  of  fiber  breaks  within  horizontal  bands 
were  separated  by  zones  in  which  there  were  very  few  fiber  breaks. 

This  pattern  was  repeated  along  the  length  of  each  specimen. 
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Figure  63(a)  shows  a  region  of  fiber  breaks  and  Fig.  63(b),  an 
adjacent  fracture-free  zone  taken  from  a  typical  specimen.  Coupons 
taken  from  the  edge  showed  the  same  pattern  as  coupons  from  the 
center. 

The  pattern  of  fiber  breaks  suggested  the  involvement  of  the 
adjacent  transverse  cracks  whose  tips,  residing  at  the  0/90  degree 
interface,  had  already  been  seen  to  be  a  fiber  fracture  initiator  at 
the  specimen  edge.  The  question  was  approached  in  two  ways.  First,  a 
series  of  sequential  photographs  was  taken  at  260X  magnification  of 
coupons  in  the  SEM  and  were  assembled  into  a  lengthwise  strip  which 
included  a  number  of  fiber  fracture  zones.  The  average  distance 
between  the  centerlines  of  these  zones  was  calculated  for  a  series  of 
different  coupons  in  the  same  specimen.  This  distance  was  found  to  be 
equal  to  the  crack  spacing  in  the  adjacent  90  degree  plies,  approxi¬ 
mately  0.025  in.  (0.64  mm). 

Second,  several  specimens  were  treated  with  gold  chloride  prior 
to  being  deplied.  The  gold  chloride  entered  the  transverse  cracks  and 
left  a  trace  of  each  crack  on  the  facing  0  degree  plies.  Under  SEM 
examination,  these  gold  chloride  traces  were  visible  and  hence  the 
crack  locations  were  known.  Figure  64  shows  an  example.  For  all 
specimens  examined  in  this  way,  the  zones  of  fiber  breaks  coincided 
with  the  locations  of  gold  chloride  traces.  This  was  true  of 

specimens  in  each  stage  of  damage  and  of  coupons  taken  from  various 
locations  in  those  specimens. 
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As  a  consequence  of  these  corroborative  results,  it  was  concluded 
that  the  preponderance  of  fiber  fractures  in  the  [0,9021s  laminate 
type  which  occur  during  cyclic  loading  result  from  the  influence  of 
transverse  cracks  at  the  0/90  degree  interfaces.  This  mechanism 
appears  to  supersede  any  tendency  of  the  fibers  to  break  in  a  random 
array  as  determined  by  the  expected  strength  distribution  of  single 
fibers  and  instead  orders  the  fiber  breaks  into  a  more  localized 
configuration  than  would  be  predicted  from  statistical  strength  argu¬ 
ments. 

The  role  of  delamination  in  the  fracture  of  fibers  was  also 
examined  for  the  [C,902ls  laminate  type.  As  noted  previously,  this 
laminate  type  delaminates  at  the  0/90  degree  interface  across  a  boun¬ 
dary  layer  of  width  approximately  equal  to  the  laminate  thickness. 
Coupons  were  taken  from  the  edge  of  CO ,902IIS  laminates  at  the  end  of 
Stage  I  and  after  edge  delaminations  had  formed.  In  these  coupons,  an 
evident  partition  between  broken  and  unbroken  fibers  across  each  crack 
trac.  was  observed.  Over  a  distance  from  the  edge  approximately  equal 
to  the  laminate  thickness,  0.34  in.  (8.6  mm),  few  fiber  breaks  were 
observed.  However,  just  beyond  this  point,  fiber  breaks  were  frequent 
and  uniformly  distributed  across  the  specimen  width.  This  pattern  was 
repeated  in  other  edge  coupons. 

Several  conclusions  can  be  drawn  from  these  results.  First, 
delamination  appears  to  isolate  the  0  degree  ply  fibers  from  the 
transverse  cracks  and  thereby  prevents  fiber  breaks.  Second,  since 
crack  formation  generally  precedes  delamination  in  tension-tension 


cyclic  loading,  the  mechanisms  by  which  transverse  cracks  produce 
fiber  fractures  appears  to  require  a  period  in  incubation  after  cracks 
form  before  fibers  art  broken.  That  is,  although  the  fibers  them¬ 
selves  do  not  exhibit  fatigue  behavior,  the  process  by  which  they  are 
in  fact  broken  has  a  fatigue  nature.  Third,  in  light  of  the  previous 
evidence  of  fiber  fracture  at  the  edge  in  replicas,  it  is  perhaps 
necessary  now  to  distinguish  mechanisms  involving  fibers  _at_  the  edge 
from  those  involving  fibers  near  the  edge.  The  former  might  be  termed 
a  "skin"  effect,  with  the  term  "edge"  effect  reserved  for  the  latter. 

In  order  to  associate  the  state  of  fiber  fractures  in  laminates 
with  the  three  stages  of  damage  previously  defined  for  matrix  damage 
modes,  deplied  0  degree  laminae  from  specimens  in  each  stage  of  damage 
development  were  examined.  The  mode  of  fiber  fracture  and  the  banded 
nature  of  the  fractures  were  found  to  be  the  same  for  each  stage  of 
damage.  In  order  to  quantify  the  fiber  fracture  state,  the  total 
numbers  of  fiber  breaks  observed  over  representative  areas  were  tabu¬ 
lated.  Breaks  were  counted  directly  from  the  SEM  display  screen.  An 
area  included  by  10  screens  width  and  10  screens  length  was  chosen  as 
the  representative  area.  At  the  working  magnification  of  260X  the 
overall  dimensions  of  the  search  area  were  725  fiber  diameters  wide 
and  565  fiber  diameters  long.  The  area  was  sufficiently  large  that  a 
number  of  transverse  crack  traces  were  included.  The  total  number  of 
fiber  breaks  was  tabulated  for  several  representative  areas  in  coupons 
taken  from  the  edge  and  center  of  both  0  degree  plies  in  each  lami¬ 
nate.  The  results  are  shown  in  Fig.  65.  The  average  number  of  fiber 
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Figure  65. 
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fractures  is  seen  to  increase  with  advancing  stages  of  damage, 
suggesting  that  fiber  fracture  is  a  progressive  fatigue  process.  The 
fourth  column  in  Fig.  65  represents  the  total  nunber  of  fiber  frac¬ 
tures  in  a  Stage  III  specimen  with  two  fiber  layers  removed.  This  was 
accomplished  by  twice  applying  adhesive  tape  to  the  top  fiber  layer  of 
a  coupon  and  gently  lifting  away  the  adhering  fibers.  The  underlying 
fibers  remained  relatively  undisturbed. 

By  comparison  with  the  fiber  fractures  in  the  outermost  layer, 
the  number  of  fiber  fractures  two  layers  removed  from  the  interface  is 
70  percent  lower.  Successive  removal  of  fiber  layers  shows  a 
continuation  of  the  trend.  Fibers  only  slightly  removed  from  the 
interface  are  effectively  insulated  from  the  invasive  action  of  the 
transverse  cracks.  Moreover,  the  fractures  which  are  observed  there 
lie  within  bands  somewhat  broader  than  those  observed  for  fiber  breaks 
at  the  interface.  The  combination  of  these  effects  is  summarized 
schematically  in  Fig.  66.  The  Influence  of  the  transverse  cracks  is 
intense  and  localized  at  the  Interface  while  it  broadens  and  loses 
intensity  rapidly  in  the  0  degree  ply  with  distance  away  from  the 
interface. 

A  second  quantity  of  interest  was  the  frequency  of  occurrence  of 
multiple  adjacent  fiber  breaks  in  these  specimens  as  a  function  of 
damage  stage.  A  nunber  of  laminate  fracture  models  directly  or  indi¬ 
rectly  predict  that  failure  occurs  when  a  critical  number  of  adjacent 
fiber  fractures  occur  to  form  an  unstable  "crack." 


To  facilitate  the  categorization  of  multiple  adjacent  fiber  frac¬ 
tures,  some  ad  hoc  definitions  were  required,  A  singlet  was  taken  to 
be  a  single  fiber  break  bounded  by  two  unbroken  fibers;  a  doublet  was 
defined  to  be  two  adjacent  broken  fibers  in  which  the  breaks  were 
separated  by  a  length  not  greater  than  five  fiber  diameters;  a  triplet 
was  defined  as  three  adjacent  fiber  breaks  in  which  none  of  the  breaks 
was  separated  from  the  adjacent  break  by  a  distance  greater  than  five 
fiber  diameters.  Quadruplets  and  higher  order  "multi  pi ets"  were 
defined  in  a  similar  way.  The  choice  of  a  five  fiber  diameter  length¬ 
wise  separation  as  a  multiplet  criterion  was  arbitrary  but  was  applied 
uniformly  to  all  specimens.  The  multiplet  distribution  was  counted  at 
the  same  time  and  using  the  same  representative  area  as  that  used  for 
the  total  fiber  fractures.  The  results  are  shown  in  Fig.  67.  It  is 
seen  that  for  increasing  stages  of  damage  the  distribution  shifts 
slightly  but  unmistakably  from  singlets  toward  higher  order  multi- 
plets.  Such  a  result  appears  to  be  consistent  with  predictions  of 
Tamuzs  [30]  and  Batdort  [26]  even  though  their  models  are  based  on 
static  loading  of  unidirectional  laminae.  If  failure  is  to  be 
preceded  by  the  development  of  metastable  multiplets  of  fiber  frac¬ 
tures  in  the  critical  load-bearing  0  degree  plies  and  if  fiber  frac¬ 
tures  develop  gradually  as  these  results  suggest,  then  such  a  shift 
must  be  anticipated. 

The  last  column  of  Fig.  67  shows  the  multiplet  distribution  for  a 
Stage  III  specimen  at  a  distance  of  two  fiber  layers  from  the  inter¬ 
face.  The  distribution  shows  a  return  to  a  form  characteristic  of 


earlier  damage  stages.  Coupled  with  the  lower  total  fiber  fracture 
condition  at  this  level,  it  appears  that  fibers  located  away  from  the 
interface  are  sufficiently  insulated  from  transverse  cracks  that  they 
are  in  essence  "younger"  than  those  at  the  interface.  If  any  three- 
dimensionality  in  the  unstable  crack  models  exist,  then  through-thick¬ 
ness  development  of  fiber  fractures  (a  relatively  slow  affair  in  light 
of  these  results)  may  be  the  critical  factor  in  the  initiation  of 
laminate  failure. 

Can  the  extent  and  distribution  of  fiber  fractures  observed  for 
the  [0,902]s  laminate  type  account  for  a  significant  portion  of  the 
observed  stiffness  reduction?  The  answer  appears  to  be _n£  based  on  an 
analysis  proposed  by  Russel  [98,99]  in  which  the  broken  fibers  are 
modeled  as  slender,  prolate  spheroids  imbedded  in  an  elastic  matrix  in 
dilute  concentrations.  Although  the  reality  of  the  actual  condition 
is  taxed  by  this  latter  assumption,  there  are  not,  to  the  author's 
knowledge,  greatly  different  results  obtained  from  a  better  model. 
The  dilute  assumption  should  privide  an  upper  bound  on  the  actual 
stiffness  reduction.  For  a  graphite/epoxy  lamina,  the  analysis  based 
on  this  model  predicts  that  for  a  one  percent  stiffness  reduction  to 
occur,  every  fiber  in  the  ply  would  have  to  be  broken  every  0,03  in, 
(0.7  mm).  Although  this  is  on  the  order  of  observed  fiber  break 

intervals  (0.025  in.)(0,6  mm)  for  the  [0,902]s  laminate  type,  the 
number  of  fiber  breaks  observed  in  even  the  most  damaged  case  does  not 
approach  the  number  required,,  For  example,  for  a  one  percent  stiff¬ 
ness  reduction  in  the  [0,90o]s  laminate  type,  this  would  required  more 


than  6  times  as  many  fiber  breaks  in  e  representative  area  as  the 
t  .imum  number  observed  at  the  interface  for  any  specimen.  Moreover 
that  pattern  would  have  to  be  repeated  at  every  fiber  layer  away  from 
the  interface,  also  contrary  to  the  observed  behavior. 

On  this  basis  it  is  concluded  that  fiber  fracture  has  a  negli¬ 
gible  role  in  global  stiffness  reduction  for  the  [0.,902]s  laminate 
type.  This  doe"  ^>0*  of  course  diminish  its  role  in  local  stiffness 
and  strength  reduction  which  may  be  critical  in  the  initiation  of 
fracture. 

[0,±45]$  Laminate  Type. 

Each  ply  in  this  aminate  type  was  examined  for  fiber  fracture 
since  the  ±45  degree  plies  provide  a  considerable  strength  and  stiff¬ 
ness  contribution.  Proceeding  in  the  same  manner  as  for  [0,902]s 
specimens,  coupons  were  cut  from  various  locations  in  each  lamina  of 
deplied,  fatigue-damaged  specimens  for  SEM  examination.  These  obser¬ 
vations,  made  for  specimens  in  each  damage  stage,  yielded  several 
interesting  results.  First,  the  number  of  fiber  fractures  at  each 
damage  stage  was  considerably  smaller  than  observed  for  the  [0 ,902 Js 
counterparts,  approximately  one-quarte^  as  many  on  the  average. 
Second,  the  fiber  breaks  which  were  observed  were  segregated  into 
zones  separated  by  zones  of  few  fiber  breaks.  The  mean  distance 
between  these  zones  was  equal  to  the  spacing  of  cracks  in  adjacent 
cracks.  This  is  the  same  result  as  found  in  the  [0,902]s  laminate 


equally.  That  is,  the  fiber  fracture  zones  in  the  0  degree  plies  in 
Stage  III  had  a  mean  separation  of  approximately  0.015  in.  (0.38  mm), 
the  COS  spacing  of  the  cracks  in  the  adjacent  +45  degree  plies;  the 
fiber  fracture  zones  in  the  +45  degree  plies  at  the  +45/-4B  degree 
interface  had  a  mean  spacing  of  0.029  in.  (0.73  mm),  the  CDS  spacing 
of  the  -45  degree  plies;  and  the  -45  degree  ply  fiber  breaks  were 
separated  by  a  distance  approximately  the  same  as  those  in  the  0 
degree  plies  since  the  +45  degree  ply  cracks  act  simultaneously  on 
these  pi  i es. 

Additional  evidence  of  the  crack  involvement  in  fiber  fracture 
was  provided  by  the  fact  that  the  line  of  fiber  breaks  in  a  given  ply 
was  parallel  to  the  crack  direction  in  the  adjacent  plies:  0  degree 
ply  fiber  breaks  fell  along  parallel,  +45  degree  diagonal  lines,  +45 
degree  ply  fiber  fractures  fell  along  -45  degree  diagonal  lines,  and 
-45  degree  p\y  fiber  fractures  fell  along  +45  degree  diagonal  lines. 
The  banded  nature  of  fiber  breaks  was  observed  at  every  stage  of 
damage  and  at  every  location  in  the  plies. 

Perhaps  the  most  interesting  result  was  provided  by  examining  the 

mode  of  individual  fiber  fractures.  In  the  [0,9C>2]s  laminate  type, 
fiber  fracture  exhibited  a  cleavage  character  with  the  fracture  plane 
normal  to  the  fiber  axis,  as  in  Fig.  63(a),  The  same  appearance  was 
observed  for  the  0  degree  ply  fibers  in  the  [0,±45]s  laminate  type. 
However,  the  fracture  appearance  of  fiber  breaks  in  the  +45  degree  and 
-45  degree  plies  was  quite  different.  Figure  68  shows  an  example 
taken  from  a  +45  degree  ply.  The  fractures  have  a  shear  mode  or  mixed 


mode  appearance.  With  few  exceptions,  the  fiber  fractures  observed  in 
off-axis  plies  in  [0,±45]s  laminates  at  every  stage  of  damage 
exhibited  this  apparent  shearing  influence. 

An  explanation  is  provided  by  considering  the  stress  state  in 
these  plies  under  tensile  loading.  For  an  applied  uniaxial  load  of 
1000  lbf  (4.45kN)  the  stresses  in  the  inner  plies  are  shown  in 
Fig.  69.  In  both  the  +45  degree  and  -45  degree  plies  the  normal  and 
shear  stresses  acting  on  the  fibers  in  the  material  coordinate  system 
are  approximately  equal.  This  differs  significantly  from  the  stresses 
acting  on  the  0  degree  ply  fibers  in  which  the  shear  component  of 
stress  is  less  than  one-twentieth  of  the  normal  stress.  The  influence 
of  a  substantial  shear  stress  on  the  fracture  mode  in  graphite  fibers 
is  also  increased  by  the  highly  anisotropic  structure  of  these  fibers 
in  which  transverse  properties  are  typically  much  lower  than  axial 
properties. 

The  angle  of  fracture  surface  to  the  fiber  axis  varied.  However, 
the  majority  of  breaks  were  observed  to  be  at  an  angle  of  approxi¬ 
mately  45  degrees  to  the  fiber  direction. 

Schulte  [63]  has  proposed  a  model  by  which  fiber  fractures  having 
this  appearance  might  be  produced  by  the  action  of  in-plane  cracks. 
In  this  model  fiber  fracture  occurs  in  shear  by  transfiber  growth  of 
the  crack  along  a  path  generally  parallel  to  fibers  in  the  manner  of 
Fig.  70.  Schulte  has  observed  such  behavior  by  longitudinal  cracking 
in  some  Taminates  of  graphite/epoxy.  To  examine  this  mechanism  for 
the  [0,±45]s  laminate  type,  fiber  fractures  in  the  +45  degree  plies  at 
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Figure  69.  In-plane  Stresses  for  a  [0,+45]$  Laminate  Loaded  to 
1000  Ibf.  in  Uniaxial  Tension. 


both  the  0/+45  degree  interface  and  the  +45/- 45  degree  interface  were 
considered.  At  the  +45/-45  degree  interface,  mixed  mode  fiber  frac¬ 
tures  were  observed.  At  the  0/+45  interface,  no  fiber  fractures  were 
found.  The  plies  examined  had  numerous  in-plane  cracks  which  typi¬ 
cally  extend  completely  through  the  ply.  If  these  cracks  produce 
fiber  fractures  in  their  own  plane,  then  the  effect  should  be  observed 
at  both  interfaces.  That  it  was  not  suggests  that  this  mechanism  is 
not  active  in  the  [0,±45]s  laminate. 

In  summary  of  the  [0,±45]s  laminate  fiber  fracture  results,  it  is 
concluded  that  both  the  location  and  locus  of  fiber  breaks  in  each  ply 
is  determined  almost  entirely  by  the  action  of  cracks  in  adjacent 
plies.  However,  the  mode  of  the  fracture  can  be  either  normal  or 

mixed  mode  determined  primarily  by  the  in-plane  stress  state  of  the 
ply  in  which  they  occur.  Finally,  the  average  number  of  fiber  frac¬ 
tures  observed  in  the  0  degree  plies  of  this  laminate  was  signifi¬ 
cantly  smaller  than  observed  in  the  [0,902]s  laminate. 

[0, 90, ±45]s Laminate 

The  0  degree  and  ±45  degree  plies  were  examined  for  fiber  frac¬ 
ture  in  specimens  representing  each  stage  of  damage.  The  most 

surprising  result  was  also  the  most  obvious--there  were  almost  no 
fiber  breaks  in  any  ply  at  any  stage  of  damage  for  this  laminate 
type.  Figure  71  shows  the  results  of  counting  fiber  breaks  over  a 

number  of  representative  areas  having  the  same  dimensions  as  those 

used  in  discussing  the  results  from  the  [0,902]s  case.  The  results 
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from  that  laminate  are  repeated  for  comparison.  The  numbers  are 
different  by  an  order  of  magnitude.  The  scatter  in  this  type  of 

measurement  is  on  the  order  of  the  total  number-  of  breaks  in  the 

[0,90,±45]s  case  and  consequently  no  clear  trend  related  to  damage 
development  stages  is  apparent.  However,  the  occurrence  of  multiple 
adjacent  fiber  breaks  does  exhibit  a  familiar  trend  as  shown  in 
Fig.  72.  With  increasing  damage,  the  multiplet  distribution  shifts 

slightly  from  singlets  to  doublets.  For  comparison,  the  [0,902]s 

multiplet  results  are  repeated.  It  can  be  seen  that  the  proportion  of 

singlets  in  the  [0,90, ±45]$  laminate  is  uniformly  higher  and  the 
occurrence  of  triplets  and  higher  order  multiplets  is  almost 
nonexistent. 

The  fourth  columns  of  the  [Q,90±45]s  results  in  Fig.  72  are 
results  for  a  coupon  taken  from  the  center  of  a  specimen  which  had 
failed  after  263,000  cycles  of  ten  si  on -ten  si  on  cyclic  loading.  The 
specimen  was  deplied  after  failure  and  an  undisturbed  area  approxi¬ 
mately  1  1/2  in.  (38  mm)  from  the  fracture  site.  The  multiplet 
distribution  for  this  specimen  appears  to  be  an  extension  of  the  trend 
indicated  in  the  progressively  more  damaged  specimens.  It  is  noted 
that  even  in  the  failed  condition,  no  multiplets  of  order  greater  than 
three  were  observed,  suggesting  that  if  laminate  fracture  is  initiated 
by  the  development  of  an  unstable  multiplet  of  fiber  fractures,  then 
that  number  may  be  as  small  as  four  for  this  laminate  type. 

Fiber  fracture  mode  in  the  [0,90±45]s  laminate  followed  precisely 


the  same  model  as  the  other  laminates  discussed:  normal  mode  in  the 
0  degree  plies,  mixed  mode  in  the  +45  degree  plies.  An  example  of  the 
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Figure  72.  Distribution  of  Multiplets  in  [0,90,+45]$  Laminates. 


mixed  mode  appearance  of  two  doublet  fiber  fractures  in  a  +45  degree 
ply  adjacent  to  a  90  degree  ply  is  shown  in  Fig.  73. 

The  results  then  for  the  [0,90,±45]s  and  the  other  two  laminate 
types  consistently  and  convincingly  implicate  off-axis  ply  cracks  in 
the  fracture  of  fibers  in  adjacent  plies,  the  global  result  of  this 
local  process  is  the  development  of  a  banded  structure  of  fiber  frac¬ 
tures  separated  by  regions  in  which  fibers  are  unbroken.  With 

increasing  stages  of  damage  the  fiber  fracture  distribution  moves 
toward  multiplets  of  adjacent  breaks.  The  influence  of  adjacent 

cracks  on  fiber  fracture  locations  and  locus  does  not  extend  to  deter¬ 
mining  the  mode  of  fracture  which  appears  to  depend  instead  on  the 

state  of  stress  in  the  plane  of  the  fiber. 

Finally,  there  are  relatively  few  fiber  fractures  to  be  seen  in 
any  of  the  laminate  types  examined  even  at  advanced  stages  of 
damage.  The  density  of  breaks  observed  is  not  sufficient  to  predict  a 
significant  effect  on  laminate  stiffness. 

The  fiber  fracture  density,  although  small,  may  be  significant  in 
laminate  failure.  Is  there  a  way  to  anticipate  the  near-absence  of 
fiber  fractures  in  the  [0,90,*45]s  laminates  or  the  tenfold  larger 

incidence  of  fiber  fractures  in  the  [0,902]s  laminate?  Taole  VI 
provides  some  insight  into  a  possible  answer.  It  shows  for  all  three 
laminates  the  stresses  in  the  0  degree  plies  at  static  failure  and  at 
the  cyclic  stress  amplitudes  used  in  this  study.  Of  particular 
interest  are  stresses  in  the  0  degree  plies  at  the  average  measured 
laminate  static  strength  with  the  off-axis  ply  elastic  moduli,  Eg  and 
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Table  6.  Comparison  of  Laminate  Strength  Margins 
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discounted  by  50  percent.  This  asstmes  that  the  laminate  effec¬ 
tively  reaches  the  end  of  Staqe  I  damage  development  at  static 
failure.  The  choice  of  a  50  percent  discount  is  that  used  previously 
in  matching  measured  and  predicted  stiffness  reductions  at  the  end  of 
Stage  I.  The  0  degree  ply  stress  calculated  in  this  way  can  then  be 

considered  the  critical  stress  for  last  ply  failure  in  the  laminate. 

For  comparison,  the  0  degree  ply  stress  in  a  laminate  subjected 
to  cyclic  loading  is  calculated  hased  on  the  maximum  stress  amplitude 
used  for  each  laminate.  Under  the  condition  of  complete  ply  cracking 
and  delamination  (if  the  latter  occurs)  the  maximun  0  degree  pi  v 
stress  under  cyclic  loading  is  calculated.  When  this  operating  stress 
is  compared  to  the  critical  stress  (both  quantities  are  underlined  in 
the  table)  a  "strength  margin"  can  be  computed.  This  margin,  by  wnich 
the  0  degree  ply  strength  exceeds  the  0  degree  ply  stress  after  the 
full  development  of  matrix  damage,  provide  a  hasis  for  anticipating 
the  role  of  damage  other  than  ply  cracking  and  delaminalion  in 
producing  laminate  failure.  The  greater  the  strength  margin,  the 

greater  the  role  of  other  modes  in  bringing  about  laminate  failure. 

From  the  results  of  this  investigation,  fiber  fracture  is  this 
other  principal  damage  mode.  Based  on  Table  VI,  the  [0,90,±45]s  lami¬ 
nate  has  the  lowest  strength  margin  and  consequently  requires  the 
lowest  contribution  of  fiber  fracture  in  order  to  produce  the  requi¬ 
site  0  degree  ply  stress  increase  to  produce  laminate  failure.  The 
[D,±45]s  laminate  requires  a  higher  fiber  fracture  contribution  for 
laminate  failure  art  the  [0,902]s  laminate  requires  the  greatest  fiber 
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fracture  contribution.  This  ordering  is  precisely  the  ordering  of 
laminates  according  to  the  observed  density  of  fiber  fractures: 
fewest  in  the  [0  90,±45]s  laminates,  followed  by  [0,+45]s  laminates, 
with  the  most  in  the  [0,90j,]s  laminates.  Hence,  perhaps  the  paucity 
of  fiber  fractures  in  the  [0,90,±45]s  laminates  should  not  have  been 
surprising.  It  would  be  unlikely  that  a  large  number  would  exist 
globally  when  only  a  7  percent  broken  fiber  density  at  any  net  section 
would  be  sufficient  in  theory  for  laminate  failure.  On  the  other 
hand,  a  relatively  large  proportion  of  fibers  must  be  broken  in  the 
[n  ,9023s  laminate  produce  the  required  (1  degree  ply  stress 

increase.  If  fiber  breaks  develop  stably  with  increasing  cycles  as 
suggested  by  the  results  presented  previously,  then  the  strength 
margin  at  the  operating  stress  used  provided  sufficient  opportunity 
for  a  significant  number  of  breaks  to  occur  prior  to  laminate  frac¬ 
ture. 

It  should  be  noted  that  the  calculation  of  a  strength  margin 
involves  assumptions  regarding  the  extent  of  matrix  damage  at  static 
failure  as  well  as  at  fatigue  failure.  By  inspection  of  Table  VI  the 
value  of  the  strength  margin  is  sensitive  to  these  assumptions. 
However,  when  an  assumed  damage  condition  is  applied  uniformly  to  each 
of  the  laminate  types,  the  relative  relationships  of  the  resulting 
strength  margin  values  are  unchanged.  Hence  the  real  value  of  the 
concept  of  strength  margin  in  the  context  of  fiber  fracture  studies  is 
in  assessing  the  relative  role  of  fiber  breaks  in  the  failure  of 
different  laminates. 
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V.  CONCLUSIONS  AND  SUMMARY 


The  purpose  of  this  investigation  was  to  establish  the  character 
and  sequence  of  development  of  advanced  damage  resulting  from  tension- 
tension  cyclic  loading  of  graphite/epoxy  laminates.  Advanced  damage 
development  was  defined  to  be  that  damage  produced  by  the  part  of  the 
loading  history  which  is  applied  subsequent  to  the  development  of  the 
characteristic  damage  state  for  matrix  cracking.  Three  laminate 
types,  [0,902]s,  [0,±45]s,  and  [0,90,±45]s,  chosen  to  represent  a 

broad  range  of  intralaminar  and  interlaminar  stress  conditions,  were 
subjected  to  tensile  fatigue  loading.  Post-fatigue  analysis  was 
accomplished  by  both  nondestructive  and  destructive  (microscopic) 
means.  The  dynamic  secant  modulus  was  computed  continuously  during 
the  course  of  each  cyclic  test,  and  changes  in  this  quantity  served  as 
a  damage  analogue. 

It  was  found  that  for  each  laminate  type  and  cyclic  load  level, 
the  relationship  between  secant  modulus  and  number  of  cycles  was 
repeatable  and  unique  to  that  laminate.  Each  of  these  characteristic 
relationships  exhibited  three  distinct  stages.  These  stages  of  stiff¬ 
ness  reduction  were  used  as  a  basis  for  ordering  and  interpreting  the 
damage  which  caused  them.  Damage  which  developed  during  the  first 
stage  for  each  laminate  consisted  of  the  development  of  off-axis 
cracks  which  ultimately  formed  a  saturated  pattern  of  cracks  in  each 
ply,  a  well-defined  and  predictable  condition  for  matrix  cracking 
which  has  been  termed  the  characteristic  damage  state.  The  subsequent 
two  stages  were  related  to  advanced  damage.  In  the  [0,9021  laminate, 


this  advanced  damage  took  the  form  of  longitudinal  cracking  and 
interior  delamination;  the  latter  was  related  to  the  development  of 
tensile  interlaminar  normal  stress  at  the  intersections  of  longi¬ 

tudinal  and  transverse  cracks  at  the  0/90  degree  interfaces.  In  the 
Stage  III  damage  condition,  the  [0,902]s  laminates  exhibited  longi¬ 
tudinal  splitting,  a  condition  in  which  small  volumes  of  0  degree 

fibers  are  liberated  from  both  in-plane  and  interlaminar  constraint  as 
the  result  of  the  coalescence  of  longitudinal  cracks  and  their  asso¬ 
ciated  delaminations,  fracture  at  a  net  section  within  that  volume, 

and  separation  from  the  laminate  over  a  considerable  lengthwise 

distance.  The  result  is  an  abrupt  and  significant  loss  of  laminate 
stiffness  and  a  redistribution  of  stress  into  the  remaining  0  degree 
fibers. 

For  the  [0,±45]s  laminate.  Stage  II  was  notable  for  the  lack  of 
any  delamination  development.  Except  for  the  completion  of  off-axis 
cracking,  no  matrix  damage  was  observed  and  little  measurable  stiff¬ 
ness  reduction  occurred.  Stage  III  damage  in  the  [0,±45]s  laminate 
type  was  the  most  elusive  of  the  three  laminates  examined.  There  was 
some  evidence  that  Stage  III  is  characterized  by  the  development  of 
localized  microcracks  in  the  off-axis  plies  which  may  contribute  to  an 
observed  stiffness  reduction  of  between  0.5  and  1,0  percent  which 
occurs  as  a  very  rapid  punctuation  to  the  nearly  horizontal  Stage  II 
portion  of  the  stiffness  versus  cycles  curve.  But  Stage  III  was  not 
always  observed  prior  to  laminate  failure.  The  sensitivity  of  the 
[0,±45]s  laminate  to  any  asymmetry  of  loading  and  to  the  presence  of 


stress  concentrati ons  required  that  many  specimens  be  tested  to  yield 


a  sufficient  representation  of  damage  conditions  for  analysis.  Often 
a  specimen  would  exhibit  quite  predictable  Stage  1  behavior  and  then 
fail  without  warning;  or  pass  through  both  Stage  I  and  Stage  11 
normally  only  to  fail  abruptly  without  evidence  of  Stage  III  develop¬ 
ment.  Clearly  there  are  competing  processes  in  operation  during 
ten  si  on -ten  si  on  fatigue  loading  of  this  laminate:  those  which  produce 
global  damage  and  perhaps  forestall  the  initiation  of  fracture 
(a  Prina  facie  localization);  and  those  which  proceed  in  parallel, 
having  a  local  nature  throughout  but  variable  in  the  interval  required 
to  achieve  predominance.  The  importance  of  local  mechanisms  in  the 
fatigue  failure  of  [0,±45]  laminates  may  owe  to  the  absence  of 
competing  global  mechanisms,  particularly  delaminations.  When  the 
material  is  unable  to  relax  local  stress  concentrations  by  diffusing 
it  through  the  creation  of  local  damage,  then  the  number  of  possible 
fracture  initiation  sites  and  hence  the  likelihood  of  fracture  is 
increased,  in  this  regard,  the  [0,±45]s  laminate  recommends  itself  as 
a  potentially  useful  geometry  for  the  study  of  fracture  initiation. 

For  the  [0,90f±45]s  laminate,  Stage  II  was  dominated  by  the 
development  of  edge  delaninations,  A  linear  relationship  between 
stiffness  reduction  and  delamination  length  was  predicted  on  the  basis 
of  a  rule  of  mixtures  analysis  and  was  confirmed  experimentally  by 
measuring  the  actual  delamination  areas  at  each  interface  of  deplied 
specimens.  The  deply  technique  served,  as  well,  to  corroborate  the 
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assignment  of  delaminations  to  the  interface  in  which  they  lay  from 
microscopic  examination  of  stereo  X-ray  radiographs. 

Stage  III  damage  in  [0,90,±45]s  laminates  was  found  to  be  a  con¬ 
tinuation  of  edge  delamination  growth  and  the  development  of  a  dense 
localized  microcrack  condition.  These  microcracks  in  each  ply  were 
seen  to  be  clustered  along  cracks  in  adjacent  plies.  The  proposed 
mechanism  for  the  development  of  such  cracks  was  based  upon  the  exis¬ 
tence  of  tensile  stress  components  at  the  tips  of  these  cracks.  The 
rate  of  stiffness  reduction  in  Stage  III  increased  rapidly.  Such  an 
increase  was  ;'iown  to  be  predictable  in  a  load-controlled  test  for  any 
laminate  subject  to  delamination  growth,  by  modeling  the  delamination 
as  a  planar  crack  and  applying  Griffith-type  crack  growth  concepts. 

Fiber  fracture  was  studied  in  the  same  three  laminates  concur¬ 
rently  with  the  study  of  matrix  damage  modes  using  scanning  electron 
microscopy  of  deplied  laminae.  A  number  of  conclusions  were  drawn 
from  these  observations.  First,  deplied  virgin  specimens  of  these 
laminates  exhib.ted  almost  no  fiber  breaks,  suggesting  that  the 
density  of  initial  fiber  fractures  sometimes  ascribed  to  the  fabri¬ 
cation  process  may  be  overstated  in  graphite/epoxy  laminates.  Second, 
the  fiber  breaks  which  were  observed  to  occur  in  each  of  the  laminates 
at  each  stage  of  damage  development  were  found  to  be  not  randomly  dis¬ 
tributed  as  would  be  predicted  from  unidirectional  results  but  were 
arrayed  in  a  banded  structure.  This  structure,  in  which  zones  of 
fiber  breaks  are  separated  by  zones  in  which  breaks  are  not  observed, 
was  found  to  be  closely  associa'  nth  the  spacing  of  cracks  in  the 


ply  adjacent  to  the  plane  of  the  fibers.  This  relationship  was 
confirmed  for  fiber  breaks  in  each  ply  of  each  of  the  three  laminate 
types  studied  by  comparisons  of  the  average  fiber  break  zone  sepa¬ 
rations  and  average  crack  spacing,  and  by  the  infusion  of  gold 
chloride  penetrant  into  the  cracks  which  left  residual  particles  at 
the  interface  to  confirm  that  their  locations  were  coincident  with  the 
fiber  break  concentrations  in  adjacent  plies.  The  results  of  each 
method  were  consistent  and  together  provided  a  firm  basis  for 
concluding  that,  in  tension-tension  cyclic  loading  of  graphite/epoxy 
laminates  at  stress  levels  at  which  off-axis  ply  cracks  develop,  the 
preponderance  of  fiber  breaks  which  occur  do  so  adjacent  to,  and  in 
response  to,  the  action  of  cracks  in  facing  plies. 

The  density  and  distribution  of  these  fiber  breaks  were  shown  to 
he  a  function  of  the  type  of  laminate  and  the  state  of  matrix 
damage.  The  density  of  breaks  was  greatest  for  the  [0,90;>]s  laminate 
and  smallest  for  the  [0,90,±45]s  laminate.  The  two  crack  densities 
differed  by  a  factor  of  ten.  The  observed  fiber  fracture  density  in 
the  [0,90,±45]s  laminates  was,  in  fact,  surprisingly  small  even  in 

specimens  which  were  considered  to  be  near  failure.  The  relative 
differences  were  explained  in  terms  of  the  concept  of  a  laminate 
strength  margin,  the  difference  between  0  degree  ply  static  strength 
and  the  stress  in  the  0  degree  plies  at  the  conclusion  of  the 

development  of  all  of  the  matrix  damage  modes  operative  in  that  lami¬ 
nate.  Rased  on  a  discounting  of  certain  of  the  elastic  properties  in 
a  laminated  plate  analysis,  it  was  shown  that  the  [0,9C>2]S  laminate 


possessed  the  highest  strength  margin,  the  [0,±45]s  laminate,  a  lower 
value,  and  the  [0 ,90 ,±45]s  laminate  the  lowest  strength  margin.  This 
was  the  same  descending  order  as  that  of  the  observed  fiber  density. 
The  connection  between  the  two  evidently  suggests  the  relationship  of 
fiber  fracture  to  the  redistribution  of  stress  within  the  0  degree 
ply.  For  laminates  cyclically  loaded  at  a  fixed  fraction  of  the 
static  fracture  stress,  those  laminate  types  which  are  able,  by 
mechanisms  such  as  matrix  cracking  and  delamination,  to  transfer  much 
stress  into  the  0  degree  plies  during  fatigue  damage  will  have  a  small 
"strength  margin"  since  very  few  fibers  must  subsequently  break  to 
create  a  situation  where  the  local  stress  or  strain  is  sufficiently 
high  to  initiate  final  fracture,  while  those  types  which  have  less 
effective  stress  transfer  mechanisms  to  elevate  the  0  degree  stress- 
components  during  cyclic  loading  must  experience  larger  numbers  of 
fiber  failures  to  create  a  local  situation  which  is  sufficiently 
severe  to  initiate  fracture  and  are  said  to  have  a  large  strength 
margin.  The  presence  or  absence  of  fiber  fractures  at  or  near  lami¬ 
nate  fracture  is  a  reflection  and  verification  of  this  association. 

The  study  of  fiber  fracture  in  these  laminates  yielded  two  addi¬ 
tional  results.  First,  the  frequency  of  occurrence  of  multiple 
adjacent  fiber  breaks  incre  J  with  increasing  stages  of  matrix 
damage  in  both  the  [0,9021s  «nd  ,90 ,±45]s  laminates.  Such  a  shift 
may  be  consequential  to  the  study  of  laminate  failure  especially  as 
represented  by  models  based  on  critical  multi  pi et  siz*5.  The  through- 
thickness  variation  of  both  fiber  fracture  density  and  multiplet 
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distribution  in  the  0  degree  plies  of  the  [0,902]s  laminate  was  shown 
to  be  large,  suggesting  that  fibers  removed  only  slightly  from  the 
interface  are  insulated  from  the  action  of  adjacent  cracks.  The 
second  result  was  an  indication  that  although  the  location  and  locus 
of  fiber  breaks  was  determined  by  the  off-axis  cracks,  the  mode  of 
fiber  fracture  was  dependent  upon  the  state  of  stress  in  the  plane  of 
the  fiber,  showing  a  normal  mode  in  plies  having  low  shear  stress  and 
a  mixed  mode  in  planes  having  high  shear  stress. 

We  believe  that  the  results  of  this  study  contribute  to  several 
areas  of  our  understanding  of  composite  materials.  First  is  the  area 
of  material  characterization.  Ry  combining  several  existing  tech¬ 
niques,  it  was  possible  for  the  first  time  to  critically  examine 
several  modes  of  damage  occurring  at  the  mi crostructural  level.  It  is 
likely  that  in  future  research  on  laminate  fracture  will  require  this 
combined  approach. 

Also,  by  parallel  analysis  of  NOE  observations  with  destructive 
tests  which  yielded  damage  characterization,  the  interpretation  of  the 
NDE  results  was  aided.  This  was  particularly  true  of  X-ray  radio¬ 
graphy  v;hich,  in  the  case  graphi te/epoxy  laminates,  was  shown  to 
provide  a  wealth  of  highly  resolved  microscopic  information,  when 
properly  interpreted.  The  benefit  of  more  complete  damage  characteri¬ 
zation  also  applies  to  NDE  methods  which  were  not  extensively  used  in 
this  investigation.  Central  to  the  development  of  ultrasonic  or 
acoustic  techniques,  for  example,  is  the  ability  to  distinguish 
initial  flaws  from  damage,  to  discriminate  one  damage  mode  from 
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another,  and  to  assess  the  size  and  location  of  the  damage  in  terms  of 
the  measured  NDE  parameters.  Each  of  these  decisions  requires  a  know¬ 
ledge  of  the  precise  damage  state;  the  confidence  attached  to  the 
technique  can  he  no  greater  than  the  confidence  attached  to  the  damage 
characterization . 

Another  conclusion  of  this  investigation  relates  to  the  issue  of 
composite  laminate  failure.  Although  the  where  and  why  of  fracture 
initiation  remains  elusive,  the  results  of  the  Stage  III  characteri¬ 
zations,  both  in  terms  of  damage  and  stiffness  reduction,  have  re¬ 
emphasized  the  very  short  period  during  which  critical  conditions 
apparently  develop.  It  will  be  necessary  to  expand  this  period 
experimentally,  to  isolate  the  processes  which  tend  to  localize 
damage,  and  to  critically  examine  the  interaction  of  the  matrix  damage 
modes  with  the  fracture  of  fibers.  It  is,  in  the  author's  opinion, 
this  interaction  which  will  have  the  greatest  potential  role  in 
developing  an  understanding  of  the  final  laminate  failure  event. 

Several  generalizations  are  suggested  by  our  collective 
results.  One  of  the  ■  st  salient  such  generalizations  is  made 
possible  by  our  discovery  of  the  local  delamination  regions  near 
interior  matrix  cracks  and  the  new  understanding  of  fiber  failure 
processes  during  fatigue  loading  obtained  from  the  study.  We  are  able 
to  conclude  that  internal  stress  redistributions  are  much  larger  than 
previously  suspected  and  can  be  large  enough  to  cause  strength  reduc¬ 
tions  of  as  much  as  30-50  percent,  levels  which  are  commonly  observed 
in  long-term  cyclic  loading.  It  appears  that  fiber  failure  is  much 


less  ron sequential  in  these  large  strength  reductions  than  has  been 
suggested  in  the  literature,  and  that  the  acceleration  of  damage  quite 
near  the  end  of  life  for  laminates  of  this  type  is  tensed  by  a  locali¬ 
zation  of  damage,  primarily  secondary  matrix  cracking  and  local 
delamination.  We  I  we  found  no  evidence  of  accelerating  fiber  frac¬ 
ture  in  that  region.  (hus,  it  can  be  concluded  at,  at  thio  point, 
internal  stress  redistribution  appears  to  be  the  most  important 
strength  reduction  mechanism  for  composite  laminates  similar  to  those 
St  wdied. 

A  second  salient  conclusion  is  that  during  low-level  cyclic 
loaning,  fiber-fractures  occur  almost  exclusively  at  locations  which 
are  adjacent  to  the  termination  of  a  matrix  rack  in  the  adjacent 
plies.  Stated  in  another  way,  matrix  ciacks  m  off-axis  plies  of 
angle-ply  laminates  seem  to  be  important  for  Ion, -term  fatigue 
behavior  primarily  in  the  sense  that  they  act  a.  initiation  points  of 
fiber  failure  and  local  delamination.  Hence,  while  matrix  cracks 
alone  do  not  reduce  the  residual  strength  dur'ng  cyclic  loading,  the 
events  associated  with  and  nucleated  by  their  presence  are  central  to 
the  development  of  subsequent  damage  which  does  reduce  the  strength, 
stiffness  and  life  of  composite  laminates. 

The  third  salient  generality  has  to  do  with  stiffness  change. 
The  longitudinal  engineering  modulus  of  composite  laminates  changes 
during  long-term  cyclic  loading  in  large,  systematic  and  reproducible 
ways  which  are  directly  and  quantitatively  related  to  the  details  of 
the  micro-events  which  influence  the  residual  properties  of  such 


laminates,  Moreover,  when  nondestructive  techniques  are  used  to 
obtain  a  precise  and  complete  characterization  of  a  1  of  the  internal 
damage  in  a  sped fic  specimen  following  long-term  fatigue  loading,  and 
■if  proper  models  are  used  to  relate  those  damage  details  to  global 
response,  the  change  in  the  longitudinal  engineering  stiffness  of  that 
specimen  can  be  predicted  with  generally  excellent  agreement  (usually 
within  a  percent  or  so)  with  experimentally  measured  values. 
Moreover,  these  changes  can  be  associated  with  internal  stress 
redistributions  using  the  same  models,  and  the  residual  strength  of 
the  laminates  can  be  implied.  While  this  last  conclusion  is  supported 
by  limited  data,  the  concept  has  shown  general  agreement  with 
experimental  data  in  every  instance  tested. 
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APPENDIX.  Moire  Interferometry 

In  the  early  stages  of  this  investigation,  the  need  for  a  full 
field,  real  time  quantitative  nondestructive  measure  of  damage 
dev  opment  in  composite  materials  was  recognized.  Such  a  technique 
might  make  possible  the  location  of  damage  as  well  as  a  measure  of  its 
intensity.  With  such  information  the  effect  of  the  interior  damage 
upon  the  exterior  0  degree  plies  could  he  studied.  If  the  technique 
could  provide  this  information  in  a  stress-related  form,  then  diffi¬ 
cult,  unanswered  questions  about  the  stress  redistribution  which 
occurs  in  these  critical  load-bearing  plies  could  be  approached. 
Answers  to  sucn  questions  must  precede,  in  the  author's  opinion,  a 
full  understanding  of  the  fracture  process,  both  static  and  fatigue. 

A  technique  which  could  potentially  meet  these  requirements  is 
moire  interferometry.  As  part  of  the  damage  development  investigation 
undertaken,  moire  interferometry  was  applied  to  the  study  of  behavior 
in  notched  and  unnotched  laminates  of  several  different  materials. 
The  feasibility  of  this  application  was  demonstrated  and  the  sensi¬ 
tivity  of  the  method  to  subsurface  damage  was  assessed.  Although  the 
results  were  not  central  to  the  investigation  of  fatigue  damage  for 
reasons  to  be  described,  the  potential  of  the  method  to  become  an 
important  NDE  technique  in  the  study  of  damage  development  and  failure 
of  composite  materials  warrants  a  brief  discussion  of--(i)  the  funda¬ 
mental  concepts,  (ii)  the  practical  application  and  (iii:  the  results 
of  some  preliminary  testing. 
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Princi pi e 


Moire  interferometry  is  a  classical  optical  technique  which  has 
been  used  for  many  years  In  a  wide  range  of  applications  in  which  mea¬ 
surement  of  very  small  displacements  or  displacement  gradients  is 
required.  Interferometry  describes  a  technique  by  which  the  pheno¬ 
menon  of  wave  interference  can  be  used  in  such  a  way  that  the  inter¬ 
ference  pattern  produced  can  be  related  to  some  physical  entity.  This 
is  most  often  accomplished  by  using  gratings  of  uniformly  spaced 
parallel  lines.  Such  gratings  pose  alternating  barriers  and  openings 
for  the  passage  of  light.  At  grating  frequencies  above  1000 
lines/inch  (40  lines/mm),  light  passing  through  the  grating  is 
diffracted  into  a  fan  of  light  rays  maintaining  the  characteristic 
wavelength  but  each  diminished  In  Intensity. 

Practical  benefit  is  realized  when  one  of  the  diffraction 
gratings  is  kept  fixed  In  frequency  and  orientation  (the  "reference" 
grating)  while  the  other,  (which  initially  has  the  same  frequency  and 
orientation)  is  permitted  to  rotate  and  deform.  This  is  normally 
accomplished  by  affixing  this  "active"  grating  to  the  surface  of  a 
body  which  itself  rotates,  stretches  or  compresses.  The  reference 
grating  need  not  be  real.  It  is  equally  suitable  and,  for  some  appli¬ 
cations  more  desirable,  to  use  a  "virtual"  grating  formed  by  two 
intersecting  beams  of  light.  When  the  active  and  reference  grating 
are  adjacent,  the  interaction  of  diffracted  light  from  each  produces  a 
pattern  of  alternately  dark  and  light  bands  in  space  termed  moire 
fringes.  Moire  fringes  represent  the  locus  of  points  of  constant 
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displacement  in  the  plane  of  the  active  grating  and  in  the  direction 
perpendicular  to  the  lines  of  the  reference  grating. 

In  order  to  measure  the  displacements  in  the  deformed  state,  each 
moire  fringe  Is  assigned  a  fringe  order,  N.  This  is  the  number  of 
cycles  of  intensity  fluctuation  (light  to  dark)  experienced  as  the 
displacement  changes  from  zero  to  its  final  value.  Its  relationship 
to  displacement  Is  given  by: 

u  «  gNx 

A-l 

v  =  gNy 

where  _u  and  _v  are  orthogonal  components  of  in-plane  displacement  in  y_ 
and  ^directions  respectively,  is  the  pitch  of  the  reference  grating 
(reciprocal  of  the  frequency),  and  and  are  fringe  order  numbers 
where  lines  on  the  reference  grating  are  perpendicular  to  the  and  ^ 
coordinate  axes  respectively.  Strains  are  related  to  displacements 
by: 

du 

S  "  hx 

ey  =  I  A~2 

au  |  av 

Yxy  ~  ay  dx 

Stresses  can,  in  principle,  be  obtained  from  the  strains  if  the  cons¬ 
titutive  relation  for  tho  material  is  known. 
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Production  of  Diffraction  Gratings 

Tor  the  work  to  be  reported  here,  the  method  of  Post  [95]  was 
applied.  By  this  method  gratings  are  replicated  from  a  photographic 
mold  onto  a  thin  layer  of  epoxy  which  Itself  is  bonded  to  the  specimen 
surface.  The  mold  is  made  by  exposing  an  ultra-high  resolution  photo¬ 
graphic  plate  to  two  intersecting  beams  of  coherent  light.  The 
frequency  of  the  grating  Is  controlled  by  the  frequency  and  angle  of 
interference  of  these  beams.  When  the  plate  is  developed,  silver 
grains  remain  in  the  exposed  zones  while  the  silver  is  leached  out  in 
the  unexposed  zones.  The  gelatin  matrix  shrinks  upon  drying;  but, 
because  It  is  partially  constrained  by  the  silver,  shrinkage  is 

greatest  in  the  unexposed  zones.  The  result  is  a  photographic  plate 

with  a  furrowed  surface  which  can  be  used  as  a  mold. 

To  replicate  the  grating,  epoxy  is  squeezed  into  a  thin  layer 
between  the  specimen  and  mold.  Upon  curing,  the  mold  releases  easily 
from  the  epoxy,  leaving  a  replicated  grating  on  the  specimen.  The 

epoxy  material  used  was  essentially  transparent.  A  ten-to  twenty-fold 
increase  in  intensity  of  the  diffracted  beams  can  be  achieved  by 
reflectorizing  the  surface  the  grating.  This  is  accomplished  by 
aluminizing  the  master  grating  using  a  vapor  deposition  technique. 

Upon  replication,  the  aluminum  film  releases  from  the  master  but 
adheres  to  the  epoxy.  The  result  is  a  reflectorlzed  grating  of  unde¬ 
graded  quality.  An  example  is  shown  in  Fig.  A-l. 
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Figure  A-l.  Example  of  a  Reflectorized  Grating  on  a 
Graphite/Epoxy  Specimen. 
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Experimental  Arrangement 


The  optical  elements  necessary  for  forming  a  virtual  grating  and 
for  observing  and  photographing  the  moire  fringe  pattern  are  shown  in 
Fig.  A-2(a).  The  light  source  (A)  was  a  5  mW  continuous-wave  helium- 
neon  laser  having  a  wavelength  of  633  nm  manufactured  by  Spectra 
Physics.  The  narrow  beam  of  coherent  light  emitted  by  the  laser  was 
spread  into  a  cone  by  a  diverging  lens  (R),  passed  through 
a  Id  pm  diameter  spatial  filter  (C)  to  exclude  all  but  the  uniformly 
intense  inn  r  core  and  finally  through  a  3.5  Inch  (89  mm)  diameter 
collimating  lens  (D)  to  make  the  beam  once  more  parallel.  One-half  of 
this  beam  illuminated  the  active  grating  (E)  directly;  the  other  half 
was  reflected  by  a  front  surface  mirror  (F)  onto  the  orating.  In  the 
region  of  coincidence  of  these  incident  and  reflected  beams,  a  virtual 
reference  grating  having  a  frequency  of  15,000  lines/inch 
(600  lines/mm)  was  formed  adjacent  and  parallel  to  the  active  grating 
on  the  specimen.  (Detail  of  this  region  Is  shown  in  Fig.  A-2(b)). 

The  moire  fringe  pattern  developed  passed  through  a  camera  lens 
(G)  which  produced  a  full  sized  Image  on  the  ground  glass  (H)  for 
observation  or  photographic  negative  for  photography.  Observation  was 
by  a  5X  hand  magnifier.  Photography  was  accomplished  with  Kodak 
Contrast  Pan  sheet  film.  Exposure  times  depended  upon  the  reflec¬ 
tivity  of  the  grating  but  were  typically  1/15  sec.  for  reflectorized 
gratings. 

All  of  the  optical  elements  were  affixed  to  a  flat  plate  which  in 
turn  was  fixed  within  a  rigid  steel  frame.  The  frame  and  optics 
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Figure  A-2.  (b)  Moire  Interferometry  Opticol  Arrangement 

(Cont1 d. ) 
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assembly  was  attached  to  the  crosshead  support  columns  of  an  MTS 
testing  machine.  There  existed  sufficient  adjustability  in  the  optics 
plate-to-frame  assembly  attachment  that  the  proper  orientation  between 
the  optical  path  fixed  by  the  elements  on  the  plate  and  the  specimen 
loaded  in  the  testing  machine  grips  could  be  achieved.  Once  this 
orientation  was  fixed,  mcire  fringe  patterns  could  be  developed  easily 
and  routinely  by  adjusting  the  orientation  of  the  front  surface 
mi rror. 

Since  the  method  of  moire  interferometry  is  by  design  a  sensitive 
displacement  measuring  technique,  it  is  perhaps  not  surprising  that 
the  stability  of  the  moire  fringe  pattern  is  sensitive  to  very  small 
amplitude  vibrations  occurring  in  the  optics  or  in  the  specimen.  The 
first  of  these  was  approached  by  stiffening  the  frame  and  by  providing 
additional  attachment  points  to  the  MTS  columns  to  compensate  for  its 
cantilever  profile.  In  addition,  it  was  found  that  very  low  frequency 
vibrations,  on  the  order  of  6  to  10  HZ,  were  being  transferred  to  the 
optics  assembly  through  the  floor.  For  example  a  door  closing  fifty 
feet  away  was  sufficient  to  upset  a  stable  fringe  pattern,  as  were  a 
variety  of  pumps  and  motors  located  throughout  the  building.  It  was 
necessary  therefore  to  isolate  the  MTS  machine  itself  from  the 
floor.  This  was  accomplished  by  the  installation  of  four  air  shock 
mounts  at  the  machine  base.  The  pressure  in  the  shock  mounts  was 
adjusted  to  optimize  the  damping  of  the  highest  amplitude  and  most 
common  frequencies.  The  result  was  a  notable,  although  not  complete, 
reduction  of  fringe  instability. 
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The  second  source  of  instability  was  related  to  the  function  of 
the  MTS  machine  itself.  Being  a  hydraul  ical ly-controTled  servo- 
feedback  system,  it  is  constantly  applying  small  corrections  to  the 
specimen  displacement  in  order  to  control  load  or  displacement.  The 
resultant  destabilizing  effect  on  the  fringe  pattern  was  both  antici¬ 
pated  and  unavoidable.  Fortunately,  the  disturbance  was  high 
frequency  and  low  amplitude  and  did  not  adversely  affect  either  obser¬ 
vation  or  photograpny. 

One  additional  destabilizing  effect  was  not  anticipated.  By  the 
arrangement  of  the  optics  on  the  plate,  the  laser  was  situated  below 
most  of  the  other  elements  when  the  plate  was  attached  to  the  MTS 
machine.  Heat  generated  by  the  laser  produced  convective  currents 
which  disturbed  the  optical  path  above  the  laser  and  resulted  in  a 
very  slow  oscillation  in  the  fringe  pattern.  The  problem  was  solved 
by  enclosing  the  entire  optical  arrangement,  including  the  specimen 
but  excluding  the  laser.  This  provided  a  marked  improvement  in  fringe 
stability  by  eliminating  not  only  the  laser  heat  influence  but  also 
other  convection  currents  which  exiu  <:d  <n  the  room.  The  box  enclo¬ 
sure  was  made  of  cardboard  sheets  painted  black  and  sealed  with  tape 
at  the  joints.  The  result  was  essentially  a  camera  with  which  moire 
interferometry  patterns  could  be  photographed  under  any  external 
1 ighting  conditions. 

The  preliminary  investigation  of  the  moire  technique  was 
conducted  on  the  MTS  machine.  Despite  the  unavoidable  contribution  of 
machine-induced  vibration,  the  results,  which  will  be  described  in  a 
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following  section,  confirmed  the  feasibility  of  the  technique.  The 
quality  of  the  interferometry  photographs  produced  was  more  than  ade¬ 
quate  for  interpretation  and  analysis. 

However,  in  an  effort  to  eliminate  the  contribution  of  the  MTS 
machine  itself  to  fringe  Instability,  an  ATS  dead  load  testing  machine 
was  procured.  This  8000  lbf  {36  N)  capacity  machine  was  comple  :  ly 
manually  operated.  The  optics  elate  and  frame  assembly  was  trans- 
fei rad  from  the  MTS  machine  and  attached  to  an  air-shock  mount- 
supported  frame  on  which  the  dead  load  machine  rested.  Hence,  a 
rigid,  isolated  coupling  of  all  of  the  elements  required  in  the  moire 
interferometry  study  was  accomplished.  Figure  A-3  shows  this  arrange¬ 
ment.  The  testing  machine  was  modified  so  that  both  load-controlled 
and  displacement-controlled  modes  of  loading  were  possible.  Load- 
controlled  testing  was  accomplished  with  the  machine  in  the  deadload 
configuration  for  which  it  was  designed.  Displacement-controlled 
loading  was  not  used  in  the  work  reported  here. 

Procedure  and  Results 

Preliminary  static  testing  was  performed  with  laminates  fabri¬ 
cated  locally  from  Scotchply  1002  E-glass/epoxy  material  manufactured 
by  3-M  Company.  The  cure  cycle  used  was  325°F  (163°C),  70  psi 
(0.5  MPa)  for  35  minutes.  Specimens  were  prepared  and  examined  as 
described  for  graphite/epoxy  material  in  Chapter  3.  The  gratings, 
some  reflectorized,  were  attached  to  the  specimens  in  the  as- 
fabricated  condition.  The  surface  was  lightly  sanded  with  600  grit 
silicon  carbide  wetted  paper  to  improve  adhesion  of  the  gratings.  The 
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specimens  were  then  loaded  statically  and  the  fringe  pattern  corre¬ 
sponding  to  the  longitudinal  (_u)  displacement  field  was  observed. 
Figure  A-4  shows  results  from  one  such  test.  The  specimen  was  a  [O4] 
laminate  with  dimensions  1  inch  (25.4  mm)  wide,  8  inches  (203  mm)  long 
and  0.025  inches  (0.635  mm)  thick.  In  the  center  of  the  specimen  was 
placed  a  0.25  inch  (6.4  mm)  through  notch  prior  to  curing.  The  notch 
was  oriented  perpendicular  to  the  direction  of  loading. 

Figure  A-4(a)  shows  the  ^-displacement  field  at  a  load  suffi¬ 
ciently  low  that  the  epoxy  ligament  which  sealed  the  crack  during 

curing  had  not  been  broken.  Figure  A-4(b)  shows  the  displacement 
field  after  the  addition  of  a  small  load  increment  sufficient  to  open 
the  crack.  As  one  would  expect,  large  strains  (displacement  gra¬ 
dients)  exist  at  the  notch  tip  and  the  disturbance  created  by  the 

presence  of  the  notch  diminishes  with  increasing  distance  from  the 
notch. 

Figure  A-5  shows  the  displacement  field  for  a  [0»9°3]s  E- 
glass/epoxy  specimen  having  dimensions  1  inch  wide,  8  inches  long,  and 
0.05  inches  (1.3  mm)  thick.  Figure  A-5(a)  corresponds  to  a  load  of 
approximately  100  Ibf  (0.4  N)  and  the  displacement  field  is  effec¬ 

tively  uniform.  Figure  A-5(b)  is  the  displacement  field  for  the  same 
specimen  after  it  had  been  loaded  to  approximately  1200  lbf  (5.3  N) 

and  then  unloaded.  Such  a  load  is  sufficient  to  produce  cracks  in  the 
90  degree  plies.  The  disturbances  caused  by  these  cracks  are  seen  as 
disturbances  in  the  moire  fringe  pattern.  Regions  of  high  fringe 
density  (high  displacement  gradient)  are  regions  of  residual  strain 


Figure  A-4.  Moire  Fringe  Pattern  for  a  E-Glass/Epoxy 

Specimen  with  a  Center  Notch:  (a)  before  Crack 
Opening;  (b)  after  Crack  Opening. 
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intensification  due  to  subsurface  cracks.  Ultrasonic  C-scan,  X-ray 
radiography  and  edge  replication  of  this  and  similarly  loaded 
specimens  established  a  strong  correlation  between  crack  location  and 
disturbances  in  the  moire  fringe  pattern  as  reported  by  the  author  in 
reference  [94]. 

In  order  to  examine  the  sensitivity  of  the  method  to  the  size  and 
location  of  imbedded  flaws,  a  series  of  tests  was  conducted  using  1 
inch  wide,  8  Inch  long,  and  0.0375  inch  (0.953  mm)  thick  [0,90,0]s  f- 
glass/epoxy  laminates  In  which  flaws  of  0.125  inch  (3.18  mm), 

0.250  inch  (6.35  mm)  or  0.500  inch  (12.7  mm)  were  cut  into  one  of  the 
interior  0  degree  plies  prior  to  fabrication.  The  flaws  were  oriented 
normal  to  the  specimen  length  and  load  axis  and  were  symmetric  with 
respect  to  the  In-plane  coordinates  but  were  assymetrlcal  about  the 
mid-plane.  A  typical  specimen  is  shown  schematically  in  Fig.  A-b.  A 
reflectorized  15,000  lines/inch  (600  lines/mm)  grating  was  attached  to 
each  surface  of  the  specimen  using  the  method  previously  described. 
The  specimen  was  then  loaded  incrementally  to  1000  lbf  (4.45  N)  in  the 
dead  load  machine  and  the  displacement  pattern  was  observed.  Alter¬ 
nation  between  observing  the  pattern  on  the  surface  nearest  the  flaw 
or  the  surface  farthest  from  the  flaw  could  be  accomplished  by 
rotating  the  specimen  and  clamp  assembly  180  degrees  about  the  load 
axis  without  otherwise  disturbing  the  dead  load  linkage. 

Results  for  a  specimen  having  a  0.500  inch  imbedded  flaw  are 
shown  in  Fig.  A-/.  Figure  A~7(a)  is  the  displacement  field  of  the 
surface  nearest  the  flaw  with  the  specimen  loaded  to  1000  lbf.  The 
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presence  of  the  flaw  is  clearly  manifested  in  the  upper  portion  of  the 
photograph  centered  approximately  on  two  orthogonal  fiducial  marks. 
The  displacement  field  at  a  distance  approximately  equal  to  the  flaw 
width  is  essentially  uniform.  Figure  A-7(b)  shows  the  obverse  of  the 
same  specimen,  also  at  a  load  of  1000  lbf.  The  disturbance  caused  by 
the  flaw  is  perceptible  in  the  neighborhood  of  the  fiducials  but  the 
displacement  perturbation  has  obviously  been  attenuated  by  the  addi¬ 
tional,  intervening  ply.  Neither  the  extent  nor  the  location  of  the 
flaw  is  evident  in  this  case  although  the  broad  zone  of  disturbance 
appears  to  be  somewhat  larger  than  the  near-flaw  picture.  As  a  result 
of  this  series,  it  was  concluded  that  in  E-glass/epoxy  material,  dis¬ 
turbances  smaller  than  0,125  inch  and  more  than  two  plies  removed  from 
the  surface  being  observed  would  not  likely  be  detectable  using  an 
arrangement  having  the  sensitivity  described  here. 

Interrogation  of  fatigue  damaged  specimens  was  accomplished  in  a 
slightly  different  manner.  In  order  to  avoid  fatigue  damage  to  the 
grating  itself,  specimens  were  cyclically  loaded  without  the  grating 
in  place.  When  the  desired  level  of  damage  had  been  achieved,  the 
specimen  was  removed  from  the  MTS  testing  machine,  a  reflectorized 
grating  was  attached  and  the  specimen  was  placed  in  the  dead  load 
machine  where  it  was  incrementally  loaded  to  reopen,  but  not  initiate, 
cracks  and  other  damage.  Figure  A- 8  shows  one  result.  Figure  A-8  is 
the  displacement  field  of  a  [0,9C>2]S  graphite/epoxy  specimen  after  400 
thousand  cycles  of  tension-tension  cyclic  loading  upon  reloading  to 
1000  lbf  static.  Disturbances  in  the  displacement  field  corresponding 
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to  transverse  cracks  are  evident.  Hourglass-shaped  details  in  this 
photograph  result  from  flaws  in  the  diffraction  grating. 

Although  the  observable  moire  fringe  perturbations  of  Figure  A-8 
provide  some  insight  into  the  location  of  regions  of  significant  sub¬ 
surface  disturbance,  the  greatest  potential  benefit  of  the  technique 
lies  in  it  ability  to  provide  the  0  degree  strain  field.  Several 
schemes  were  used  to  develop  the  strain  field  from  the  displacement 
field.  Both  manual  and  computer  aided  curve-fitting  methods  have  been 
employed  with  some  success.  Highsmith  [95]  has  manually  computed  the 
strain  field  between  adjacent  transverse  cracks  of  a  [0,903]s  E- 
glass/epoxy  laminate  from  the  displacement  field  obtained  interfero- 
metrically  using  the  apparatus  described  here.  His  results  provided 
verification  of  the  validity  of  the  shear  lag  analysis  which  had  been 
applied  to  that  laminate  to  predict  the  one-dimensional  stress  state 
adjacent  to  a  crack. 

Evaluation  of  the  influence  of  fatigue  damage  on  the  0  degree  ply 
stress  field  poses  a  somewhat  greater  problem.  The  damage  which 
develops  in  both  the  0  degree  and  interior  plies  is  complex.  A  satis¬ 
factory  scheme  for  translating  displacement  information  into  strain 
information  sufficient  to  accurately  represent  this  complexity  must  be 
developed  before  the  inherent  sensitivity  of  the  moire  technique  can 
be  fully  exploited.  Moreover,  a  larger  field  of  view  is  required  if  a 
reasonable  expectation  of  including  the  potential  fracture  site  is  to 
be  realized.  Such  observations  can  be  exceedingly  valuable  in  studies 
of  the  precise  nature  of  the  localization  process  involved  in 
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fracture.  Finally,  modification  of  the  optical  arrangement  to  permit 
measurement  of  both  u_  and  _v_  displacements  and  to  permit  the  use  of 
higher  frequency  diffraction  gratings  would  provide  all  of  the  compo¬ 
nents  of  the  plane  strain  tensor  with  substantially  improved  accuracy. 

Each  of  these  modifications  will  in  fact  be  integrated  into  the 
system  described  in  this  appendix.  The  preliminary  phase  of  the  work 
has  demonstrated  both  the  feasibility  of  the  method  and  the  desira¬ 
bility  of  continuing  its  development  as  a  real  time,  in  situ  nonde- 
structive  evaluation  technique. 
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